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Abstract
Large fires can cause the deaths of hundreds of people, burn thousands of homes, and cost
billions of dollars in damages. Suppression is the primary means of large-fire management. Most
suppression costs, billions of dollars, come from large-fire suppression. Yet, formal knowledge of
large-fire suppression is limited. Fire managers make decisions that impact the lives of thousands
of people. As the effectiveness of large-fire suppression is mainly unquantified, there is little
beyond their tacit knowledge to guide decisions. Before we address effectiveness, we must
address a fundamental question: ‘How are suppression resources used on large fires?’ This thesis
uses qualitative and quantitative methods to answer that question.
This thesis examines the suppression of 74 large fires that occurred between 2010 and 2015 in
Victoria, Australia. The Department of Environment, Land, Water and Planning made this
research possible by providing operational data. The first step to resolving suppression resource
use was to develop a framework of large-fire suppression (Chapter 3). A qualitative document
analysis was performed on a subset of ten large fires. Three approaches were involved: 1) daily
fire reconstructions were completed, covering 156 days, 2) a five-stage classification of
suppression was developed by analysing the reconstructions and comments in 674 operational
documents, and 3) content analysis was performed on the comments to classify discrete
suppression tasks. Large-fire suppression was framed as a progression through five discrete
stages with 20 identified tasks. A striking result was that 57% of resource use was on tasks that
fall outside of current suppression modelling and productivity research.
Formal knowledge of suppression firing, one task identified in Chapter 3, is scarce, so it was
selected for detailed examination. Suppression firing is the intentional application of fire for
containment or control purposes during an unplanned fire event (e.g., backburn, backfire). The
practice and its prevalence in large-fire suppression were evaluated (Chapter 4). The aim was to
provide a qualitative description of the practice and answer 1) What proportion of large fires have
suppression firing, and does that vary by fuel type? 2) How much of the fire is contained with
suppression firing? 3) What extent of the burn area is attributable to suppression firing? A
keyword search was used to identify suppression firing in 2805 operational documents that
spanned 532 active fire days. Suppression firing was described in 738 documents, 571 of which
had geographic data. Suppression firing occurred on half of the 74 large fires and was more
apparent in denser fuels. Twenty-six fires had sufficient geographic detail to map the suppression
firing, which was used to contain 42% of the perimeter of these fires. Archetypal suppression
firing resulted in modest fire behaviour and occurred during intervals of low fire spread.
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Suppression-firing fires had a higher proportion of perimeter-aligned roads, and 77% of their
perimeter-aligned roads were suppression fired. Area estimations were problematic, and
suppression firing burn area ranged from ~0.2 ha to ~20,000 ha.
As it was difficult to estimate the suppression firing burn area, a statistical analysis was
undertaken to quantify the influence of suppression firing on the daily burn area (Chapter 5). The
aim was 1) to determine if suppression firing was a significant driver of the burn area, 2) to
quantify how much suppression firing adds to the burn area, 3) to compare the importance of the
suppression firing variable with fuel, weather, and topography, and 4) to examine how
suppression firing interacts with other variables to influence burn area. A generalized additive
model (GAM) was used to assess the daily burn area. The presence of suppression firing was
significant, and depending on the fuel interaction model, it resulted on average in ~2,500 ha or
~2,700 ha of the daily burn area. In comparison with fire behaviour triangle variables,
suppression firing was of equal or greater importance in modelling daily burn area. The strongest
interaction effects were between suppression firing and fuel variables. Results show the value of
including suppression firing in fire behaviour and growth research. The omission is likely to
overestimate natural fire spread and underestimate natural fire severity.
This thesis demonstrates the value of operational data in quantifying large-fire suppression. Fire
management agencies can improve future research by addressing the common omissions and
inaccuracies in the data and increasing the frequency of observations. The formal classification
and quantification of large-fire suppression undertaken in this thesis is a vital first step in
analysing suppression effectiveness and improving decision support. The aim is to enhance
decision-making, improve effectiveness, increase safety, and optimize the use of public money
during fire suppression.
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Glossary
Aerial Suppression

Use of fixed-wing and/or rotary-wing aircraft in support of ground
resources to combat wildfires. Also known as #air attack.

Back (of fire)

The section of the perimeter opposite to and generally upwind (or
downslope) from the head of the fire. Also known as #rear (of fire).

Backburn

A fire started intentionally from a prepared line or other barrier to burn
an area of flammable material in the path of an advancing fire in order to
control that fire. As distinct from #burning-out

Backfire

A fire set along the inner edge of a fireline to consume the fuel in the
path of a wildfire and/or change the direction or force of the fire’s
convection column.

Blow Up

A sudden increase in fire intensity and rate of spread, sufficient to
preclude immediate control or to upset existing suppression plans. It is
often accompanied by powerful convection.

Breakaway

The points at which a fire, after it has been contained, escapes into
unburnt areas across a control line or fire edge.

Burn Out

A fire set to consume islands of unburnt fuel inside the fire perimeter and
between the fire edge and control line. When used in a direct attack
strategy, these areas will be small (e.g., less than one hectare) and will
burn out quickly (e.g., minutes). When used in an indirect attack strategy,
these areas may be quite large (e.g., tens to thousands of hectares) and
take a significant time (e.g., hours) to burn out.

Bushfire

(1) Unplanned vegetation fire. A generic term which includes grass fires,
forest fires and scrub fires both with and without a suppression objective.
(2) An unplanned, unwanted landscape fire, including unauthorized
human-caused fires, escaped fire use events, escaped prescribed fire
projects, lightning strikes, downed power lines, and all other fires where
the objective is to put the fire out. See also #wildfire.

Containment

The spread of the fire is halted with a completely secured perimeter. No
further growth, breakaways, or escapes are anticipated.

Control Line

A broad term used to describe all the constructed or natural fire barriers
and treated fire perimeter used to control a fire.

Decision Support
System

A computer program or system that analyses data and presents it so that
users can make decisions more easily.

Direct Attack

A fire control strategy where suppression action is taken adjacent to or on
the fire edges where wet or dry firefighting techniques are used.

Division

A portion of the fire comprising of two or more sectors. Divisions are
generally identified by a local geographic name.

xiv

Drip Torch

A canister of flammable fuel fitted with a wand, a burner head, and a fuel
flow control device. It is used for lighting fires for prescribed burning
and suppression firing.

Engine

A mobile firefighting vehicle equipped with a water tank, pump, and the
necessary equipment for spraying water and/or foam on fires.

Expanded Attack

A situation in which a fire cannot be controlled by initial attack resources
within a reasonable period. Also known as #extended attack.

Finger

Long and narrow slivers of fire which extend beyond the head or flanks.

Fire Behaviour

The way a fire reacts to the variables of fuel, weather and topography.

Fire Management
Decision Support
System

A computer program or system that assists fire managers and analysts in
making strategic decisions for fire incidents.

Fireline

(1) The part of a control line that is scraped or dug to mineral soil.
(2) More generally, working a fire is called being on the fireline.

Flank (of fire)

Those parts of a fire’s perimeter that are roughly parallel to the main
direction of spread.

Foam

A blend of surfactants mixed with water, producing a liquid that will
spread, penetrate, wet and cling to vertical and horizontal fuels more
readily than water.

Forward Rate of
Spread

The speed with which a head fire moves in a horizontal direction across
the landscape.

Fuelbreak

A strip of land where vegetation has been removed or modified to reduce
the risk of fires starting and/or to reduce the rate of spread and intensity
of any fire that may occur in or enter the treated area. Also known as
#firebreak.

Hand Crew

A number of individuals that have been organized and trained and are
supervised principally for operational assignments on an incident.

Head (of fire)

The part of a fire where the rate of spread, flame height, and intensity are
the greatest, usually when burning downwind or upslope.

Holding

(1) A term applied to any method of knocking down active flames other
than construction of fireline to mineral soil.
(2) Holding references the follow-up resources used to maintain the
control line. For example, a hand crew engaged in constructing a fireline,
or suppression firing, may require a portion of that crew to patrol the
previously constructed or burnt line ‘holding’ the fire to ensure no breach
or breakaway occurs.
Containing the fire by slowing or stopping its spread through the delivery
of water or chemical retardants, with priority given to the most intense
parts of the fire.

Hot-spotting

xv

Incident Action
Plan (IAP)

(1) Is the course of action taken to restrict the spread of wildfire. This
plan will generally be documented when the wildfire is not likely to be
controlled before 7.00 am on the day following its detection.
(2) The plan used to describe the incident objectives, strategies,
resources, and other information relevant to the control of an incident.

Indirect Attack

A fire control strategy where the fire is intended to be brought under
control a considerable distance away from its current position, but within
a defined area, bounded by existing or planned fire control lines.
Suppression firing is a common method of achieving this.

Initial Attack

The actions taken by the first resources to arrive at a wildfire to protect
lives and property, and to prevent further extension of the fire. Usually
done by trained and experienced crews.

Mopping Up

The process of extinguishing or removing burning material along or near
the fire control line, felling stags, trenching logs to prevent rolling and
the like, to make the fire line safe. Mop up is labour intensive and
requires extensive manual digging and hosing of smouldering materials.

Parallel Attack

A method of suppression in which a fire control line is constructed
approximately parallel to and just far enough from the fire edge to enable
firefighters and equipment to work effectively and safely. The line may
be shortened by cutting across unburnt fingers. The intervening strip of
unburnt fuel is normally suppression fired as the control line proceeds,
but may be allowed to burn out unassisted where this occurs without
undue delay or threat to the line.

Patrol

(1) To go back and forth vigilantly over the length of a control line
during and/or after construction, to prevent breakaways, control spot fires
and extinguish overlooked hot spots.
(2) To travel over a given route to prevent, detect and suppress a fire.

Preparedness

Measures to ensure an appropriate response to fire. Examples are
expenditures prior to the start of the fire season on fire suppression
equipment and staff training, as well as rostering of sufficient staff to
meet the suppression requirements for an anticipated fire load that is
based on the current fire danger rating.

Prevention

Prevention of unplanned fire, including the prescribed use of fire and
other mitigation activities to achieve specific management objectives.

Progressive Hose
Lay

A method of deploying hoses along a control line during suppression. As
the line progresses, more hoses and valves are added. The hose lay or line
is principally built from the nozzle end of the hose around the fire. Water
is continuously pumped into the hose lay to be used to extinguish the
perimeter of the fire. At intervals the crew clamps the hose to cut off the
water supply and additional 100 foot lengths of hose are added to the
nozzle end of the line as the crew continues to progress around the
perimeter of the fire.
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Rear (of fire)

The section of the perimeter opposite to and generally upwind (or
downslope) from the head of the fire. Also known as #back (of fire).

Recovery

Programs to mitigate the undesirable impacts of fire and fire suppression
activities.

Response

Procedures to control fire in a safe and efficient manner. Specifically
related to fire suppression efforts during the fire season including both
initial attack and extended or expanded attack.

Retardant

(1) Any substance (except water or foam) that, by chemical or physical
action, reduces the flammability of fuels or slows their rate of
combustion.
(2) Applied liquid slurry which not only coats the fuel, therefore acting as
a physical barrier, but also contains a chemical which alters the
combustion process to retard the fire chemically. Dry powder is mixed
with water to form slurry.

Returns to Scale

Is the variation or change in productivity that is the outcome from a
proportionate increase of the input. Increasing returns to scale occurs
when the output increases by a larger proportion than the increase in
inputs, during the production process.

Scratch Line

An unfinished preliminary fireline hastily established or built as an
emergency measure to check the spread of fire.

Sector

A specific geographic area of a fire which is under the control of a Sector
Commander who is supervising a number of crews.

Situation Report
(SitRep)

A report on the progress of the fire and the efforts to control it. It
confirms the location of the fire, its status and potential and the number,
nature, and effectiveness of resources deployed. Situation reports are
normally provided at regular intervals until the fire is declared safe.

Suppression

All the work of extinguishing or containing a fire beginning with its
discovery.

Suppression Firing

The intentional application of fire for containment or control purposes
during an unplanned fire event. Suppression firing is used as an
overarching term to encompass all firing operations (e.g., backburns,
burnouts, and counter-fires).

Wetline

Temporary control line using water or other fire-retardant liquid to
prevent a low-intensity fire from spreading in surface fuels or to knock
down a more intense fire.

Wildfire

An unplanned, unwanted landscape fire, including unauthorized humancaused fires, escaped fire use events, escaped prescribed fire projects,
lightning strikes, downed power lines, and all other fires where the
objective is to put the fire out. See also #bushfire.
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1 Introduction
1.1 Aims and Significance
Hundreds of thousands of fires occur annually across all populated continents (Krawchuk et al.
2009). One or two percent of these become large fires (Strauss et al. 1989; Stocks et al. 2002;
Donovan and Brown 2005) and cause most of the damage (Strauss et al. 1989; Omi 2005; SanMiguel-Ayanz et al. 2013). The damages from these fires are expected to escalate as the
wildland-urban interface expands (Mell et al. 2010; Moritz et al. 2014). At this time, suppression
is and continues to be the primary fire management method (Fernandes 2013), and it is an
increasingly costly enterprise (Thompson et al. 2015). Suppression costs increased from 1 to
3 billion dollars in the USA from the mid-1990s to the mid-2000s (U.S. Government
Accountability Office 2007). In Australia, the annual fire operations expenses for one agency
($268 million in 2017) now exceeds the combined suppression costs for three States during the
2003 fire season ($212 million), which was one of the most severe seasons on record (Ellis et al.
2004; NSW Rural Fire Service 2017). The suppression of large fires accounts for most
suppression costs (Strauss et al. 1989; Holmes et al. 2008). Despite these cost increases, we have
a limited understanding of suppression efforts and the effectiveness of suppression on large fires
(Finney et al. 2009; Katuwal et al. 2017).
There has been little formal quantification of the effectiveness of suppression on large fires
(Lankoande and Yoder 2006; Podur and Martell 2007; Finney et al. 2009; Mendes 2010; Holmes
and Calkin 2013; Thompson et al. 2015; Duff and Tolhurst 2015; Katuwal et al. 2016). Incident
and landscape-scale suppression research has tended to examine the simpler small or initial attack
fires, whereas large-fire analyses have typically been presented as case studies (Plucinski 2019a).
Large-fire containment was first explored by Finney et al. (2009). Since then, a limited number of
large-fire studies have used economics-based methods to examine the productivity of firefighting
resources (Hesseln et al. 2010; Holmes and Calkin 2013; Katuwal et al. 2016, 2017). A handful
of alternative methods have also been used. For example, Costafreda-Aumedes et al. (2015) used
neural networks to examine the deployment of suppression resources to large fires in Spain, and
Fernandes et al. (2016) used a regression tree analysis to study the allocation of suppression
resources on extremely large fires in Portugal. These studies are all limited to examining resource
numbers, and they fail to examine the resources' activities. For example, Fernandes et al. (2016)
examined the total number of trucks and firefighters on each day of large fires without
distinguishing what they were doing each day, or the many and varied strategies employed at
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fires. The effectiveness of suppression cannot be ascertained without this more detailed
information.
There has been little research into the resources’ activities during large-fire suppression, and the
practice of large-fire suppression remains one of tacit knowledge (Penman et al. 2019). Tacit
knowledge is transmitted through training or gained through personal experience; it is generally
not codified (Georgieva and Zia 2013). In contrast, explicit knowledge can be codified and
transmitted in formal, systemic ways. As explicit suppression knowledge is insufficient, there has
been a strong emphasis on the necessity of first-hand experience in fire management that dates
back over a century to an introductory fire suppression manual (Headley 1916). Fire management
professionals must make high-consequence decisions in a rapidly changing environment, with
little formal assistance or evidence of effectiveness.
Formal knowledge of large-fire suppression must be improved to quantify effectiveness. This
thesis aims to answer the fundamental question of ‘How are suppression resources used on large
fires?’ More specifically, the aim was to identify and classify suppression and the activities that
resources, i.e., the firefighters, engage in on large fires. The first step in addressing that aim is to
create a fundamental framework of large-fire suppression and identify suppression tasks. Then,
one particularly under-researched task, suppression firing, was selected to be examined in depth.
The in-depth analysis aimed to quantify the practice and assess the effect that suppression firing
has on the fire, emphasising containment and fire area growth. Access to large fires is restricted,
as large fires can be dangerous environments, and they often occur in relatively remote locations.
The occurrence of large fires is unpredictable, and their duration is relatively short. As such, inperson research was infeasible. The general approach of this research will be to use the
operational records from historical fires to reconstruct the fire spread and suppression response.
This thesis used qualitative (e.g., document analysis and content analysis) and quantitative (e.g.,
hypothesis testing and GAM) methods and geographic information system (GIS) fire
reconstructions to assess and quantify large-fire suppression.
Large-fire suppression is complex, dynamic, and demanding (Thompson 2013). Insufficient
knowledge in this area has had far-reaching consequences. Fire behaviour models generally
model fire spread under the assumption that there is no suppression (Gellie 1990; Tolhurst et al.
2008; Andrews 2014) since the effect of suppression is unquantified. Decision support tools for
large-fire suppression are insufficient (Pacheco et al. 2015). In addition, suppression investment
is reactionary since an accurate assessment of large-fire suppression effectiveness is required to
achieve an optimal investment mix between prevention, preparedness, response, and recovery
(Donovan and Rideout 2003). Inadequate formal knowledge of suppression was recently
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acknowledged as a limitation to research examining the optimal amount of prescribed burning
(Penman et al. 2019). With improvements in our large-fire suppression knowledge, we can expect
improvements in the accuracy of fire behaviour, severity, and growth research. Much of this
research has assumed that suppression has no effect since it is unquantified.

1.2 Thesis Outline
The introduction is presented in Chapter 1. Chapter 2 presents a review of the literature on fire
suppression, illustrating how little literature there is on large fire suppression. Additional
literature reviews are presented in Chapter 3 (Section 3.1) and Chapter 4 (Section 4.1), which are
published journal articles, and Chapter 5 (Section 5.1). In Chapter 3, a qualitative document
analysis (Krippendorff 2004) was performed on the operational documents from 10 large fires to
code discrete suppression tasks and group suppression and fire behaviour into stages. This
analysis forms a scaffold to build a temporal framework of large-fire suppression. Chapter 4 is an
in-depth look at suppression firing. All 74 large fires that occurred in Victoria, Australia, during
the five-year study period were evaluated. Operational documents are used to assess the extent of
suppression firing, with a particular focus on the final fire perimeter. Chapter 5 uses a
Generalized Additive Model (GAM) to examine how suppression firing affects the daily burn
area while accounting for the effects of the fire behaviour triangle (fuel, weather, and topography)
elements previouslyidentified as essential drivers of fire growth. The conclusion is presented in
Chapter 6. Chapter 7 is the reference list. Chapter 8 are the appendices for Chapter 3. The
appendices of Chapter 9 contain additional analyses for Chapter 5. Chapter 10 is an appendix
with helpful general notes for understanding the GAM from Chapter 5.
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2 Literature Review
2.1 Fire in the Landscape: Prevalence and Damages
Thousands of landscape fires occur annually, in all areas of the globe (Figure 2.1) except those
that 1) are too wet to burn, due to persistent rainfall, 2) lack sufficient fuel, due to scarce
vegetative cover, or 3) have inadequate environmental conditions, such as a low mean
temperature in the warmest months, to sustain fires (Krawchuk et al. 2009). Only a tiny
percentage (1-3%) of these fires become large (Podur and Martell 2007; Finney et al. 2009;
Katuwal et al. 2016). Yet, large fires account for the majority (83-98%) of the annual burn area
(Podur and Martell 2007; Finney et al. 2009; Katuwal et al. 2016). The burn area that qualifies a
fire as large is relative and subjective. Threshold size varies between individuals, fire
management agencies, and countries (Gill and Allan 2008). The threshold’s lower-bound ranges
from forty hectares to two-thousand hectares (Podur and Martell 2007; Gill and Allan 2008). The
upper-bound is open, and the largest fires exceed one million hectares.

Figure 2.1 Global distribution of fires. A) Cumulative counts of fire activity detected by the
Along Track Scanning Radiometer (ASTAR) around the world at a resolution of 100km over 10
years. B) The same data classified to represent fire-prone (orange) and fire-free (yellow) parts of
the world (Krawchuk et al. 2009 p. 3).
Large fires cause most of the damage, and there have been recent catastrophic fire events on
every continent, save Antarctica (Gill et al. 2013; Tedim et al. 2018). These extreme wildfire

4

events result in significant loss of property and lives (Tedim et al. 2018). For example, between
2000 and 2017, landscape fires caused €54 billion in economic losses and resulted in 611 deaths
in Europe (European Commission). The European Commission subsequently characterized large
fires as an increasing threat, particularly in the Mediterranean countries (European Commission
2020, 2021). The western United States has seen notable increases in fire size, frequency, and
damage (Wang et al. 2021). Particularly damaging fires occurred in California in 2017, 2018, and
2020. The economic impact of the 2018 California fires is estimated to be $148.5 billion US,
roughly 1.5% of California’s annual gross domestic product (Wang et al. 2021). For perspective,
if California were a country, its economy would be the 5th largest in the world (Corcoran 2018).
In Australia, there is no longer a day of the week that does not share its name with a catastrophic
fire event (Dale-Hallet 2009), highlighting the persistent nature of this issue. Black Saturday, the
most recent day of devastating fire damage, occurred in Victoria in 2009. Black Saturday fires
burned approximately 450,000 hectares, resulting in 173 deaths and AUD 4 billion in damages
(Teague et al. 2010). The recent Black Summer (2019/2020) outstrips Black Saturday's damages
in all but the direct loss of life. Black Summer fires burnt over 24 million hectares with 33
directly attributable deaths. Black Summer saw thousands of people trapped by fire, over 3,000
homes burned, billions of animals exposed to fire, and the national financial impacts exceeded
AUD 10 billion (Binskin et al. 2020). These destructive fires have natural and anthropogenic
causes (Collins et al. 2016). There is no way to stop all ignitions, so inevitably, fires will continue
to occur, and the damage from fires will persist (Gill 2005; Bowman et al. 2011; Gill et al. 2013).

2.2 Suppression, High Costs and Limited Knowledge
Currently, fire management agencies are rely heavily on suppression to manage fires (Fernandes
et al. 2016) which can be expensive. Large fires account for the vast majority (85% or more) of
suppression expenditure (Donovan and Brown 2005; Martell 2015). To exemplify the costs, the
suppression of the ten largest fires managed by the US Forest Service in 2014 exceeded US 320
million (USDA Forest Service 2015). Suppression costs are projected to increase in multiple
jurisdictions (Hope et al. 2016). Large-fire suppression in Australia aims to contain fires by
establishing a secure or fully extinguished perimeter (Department of Environment, Land, Water
& Planning 2015). Yet, despite the high costs of suppression, little is known about how
containment happens in practice (Thompson et al. 2015; Duff and Tolhurst 2015; Katuwal et al.
2016). We rely on suppression to minimize damage, but there are limits to suppression
effectiveness. For example, laboratory quantified fire intensity (Byram 1957) has been related to
fireline intensity and observable fire behaviour to provide fire managers with guidance about
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limitations to suppression effectiveness (Hodgson 1968; Hodgson and Heislers 1972;
Roussopoulos and Johnson 1975; Rothermel and Rinehart 1983). However, while these
guidelines have become ubiquitous in fire management, their validity is questionable as they were
developed as rules of thumb and have not been empirically tested (Hirsch and Martell 1996).
Furthermore, the limitations of large fire suppression effectiveness are unclear, as the guidelines
were developed for small fires or initial attack (Hirsch and Martell 1996), and fuel management
purposes (Roussopoulos and Johnson 1975). There is a lack of formal quantification of the
effectiveness of suppression on large fires (Lankoande and Yoder 2006; Podur and Martell 2007;
Finney et al. 2009; Mendes 2010; Holmes and Calkin 2013; Thompson et al. 2015; Duff and
Tolhurst 2015; Katuwal et al. 2016). This void does not reflect a lack of attention. Instead, it
illustrates the complexity of the problem (Martell 2015).
There is an expectation that fire management professionals will practice evidence-based
management (Vitolo et al. 2019; Thompson et al. 2019). Yet, the scientific analyses and tools to
achieve this during large-fire management are lacking. Fire managers make decisions based on
personal experience, using heuristics or, more bluntly, a “by the seat of their pants” basis
(HomChaudhuri et al. 2013; Martell 2015 p. 135). Fire management agencies do not usually face
stringent budget constraints, and they have interagency resource sharing agreements to ensure
resource adequacy (Thompson, Calkin, Finney, et al. 2013; Martell 2015). Modelling resource
scarcity is difficult, as information that could be used to track suppression resource supply and
demand is not generally recorded (Belval et al. 2020). In Australia, firefighters report that they
generally have adequate resources to meet their objectives (McCarthy et al. 2003). Resource
availability issues can arise when resource requirements exceed initial attack or interagency
capacity. However, these situations are rare and characterized by multiple large fire events during
extreme fire behaviour conditions (McCarthy et al. 2012). There is concern that this resource
shortage scenario, characteristic of the recent 2019/20 Black Summer, could become more
common in future with climate change (Baldwin and Ross 2020; Filkov et al. 2020).
Suppression has a demonstrable effect in reducing burn area (Oliveira et al. 2021). Nevertheless,
it is unclear what the interim impact of suppression resources is. In an evaluation of the average
perimeter growth in the Australian Alps, McCarthy et al. (2012) found that the average perimeter
growth was the same for resourced but uncontained fires as for un-resourced fires. It may be that
full containment is a zero-sum model, meaning full containment must be reached to make a
measurable difference. In other words, when fires are relatively small, the rate of expansion of a
partially contained fire may be indiscernible from that of a completely uncontained fire because
the fire can blow up and experience rapid fire growth. The full-containment concept would align
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with seminal research that found large-fire suppression to be opportunistic, in that the probability
of containment relates to intervals of low fire spread (Finney et al. 2009). These low-spread
intervals allow the firefighters to contain the fire prior to the recurrence of blow-up conditions.
Regardless, the need to reach containment has resulted in perimeter control-line production
becoming a primary area of focus in suppression research and modelling (Hesseln et al. 2010;
Holmes and Calkin 2013; Katuwal et al. 2016, 2017).

2.3 Suppression Research, A Focus on Fireline Construction
Early evaluations of suppression equated suppression to fireline or control line construction
(Bratten 1970). Control line is a broad term for all constructed or natural fire barriers and treated
fire perimeter used to control a fire. A fireline is a constructed portion of the control line scraped
or dug to mineral earth. One body of suppression research focuses on fireline production, or the
rate of fireline construction by different suppression resource types. Initially, the focus of this
production research was small or initial attack fires (Plucinski 2019a; b). Typical initial attack
production research isolated production by resource type (e.g., aircraft, ground crews, or dozers),
which neglects interaction and scale effects on large fires (Holmes and Calkin 2013). This
production research ignores other actions taken to suppress large fires (Duff and Tolhurst 2015).
The following sections detail features and limitations of fireline construction studies.
2.3.1 Hand Crews Engaged in Fireline Construction
The earliest fireline construction studies established production rates for hand crews constructing
firelines. These studies examined how productivity rates improved with altered construction
methods or crew configurations (Hirsch and Martell 1996). Research in this area dates back to the
1930s and 1940s (McReynolds 1936; Anderson et al. 1941; Hanson 1941; Hanson and Abell
1941). Fuel density and slope were consistently identified as important factors impacting
production rates (Hanson 1941; Lindquist 1970; Haven et al. 1982; Schmidt 1982; McCarthy et
al. 2003; Broyles 2011). Nevertheless, many of the early studies were flawed.
In a comprehensive review of production rates, Haven et al. (1982) found that production rates
from different studies vary by as much as 500 percent. The early studies that estimated
productivity were overly optimistic. Production rates derived from field data or field studies
conducted under actual fire conditions were much lower than those from earlier mock-fire
situations (Haven et al. 1982). Recent field studies have confirmed that early rates are optimistic
and provided further qualification to the variation of production rates (Barney et al. 1992;
Brotherhood et al. 1997; Budd et al. 1997; McCarthy et al. 2003; Broyles 2011). The
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contemporary research attributes production rate variation to factors such as individual fitness
and experience levels and the intensity of the fire behaviour. These studies also found that hand
crews spend a large amount of their shift (as much as 2/3rds of their time) engaged in tasks critical
to incident objectives but not related to fireline construction (McCarthy et al. 2003; Broyles
2011).
2.3.2 Bulldozers Engaged in Fireline Construction
Research has also examined the fireline construction productivity rates of bulldozers. Early
production rate studies for bulldozers exhibited similar shortfalls to the hand crew studies. The
research did not account for both upslope and downslope effects, nor did it correctly classify fuel
type influences (Phillips and Barney 1984). Later research identified operator experience as a
critical factor that accounts for as much as 28 percent of the variation in rates (McCarthy et al.
2003). The advent of more powerful modern equipment rendered the early rates obsolete (Phillips
and Barney 1984). Resource-estimation guides were developed from the fireline production rate
studies (Schmidt 1982; McCarthy et al. 2003). However, the earliest guides had substantial
shortcomings, including 1) they had not been field-tested, 2) they could not incorporate
information about local conditions, 3) they did not reflect the influences of topography and fire
behaviour, and 4) they were initial attack focused and did not include the resource needs for
sustained line construction, suppression firing, and patrol operations (Schmidt 1982).
The guides improved over time with regard to topography and fuel-related limitations. Yet, they
are still restricted to the production rate of a single dozer engaged in a single pass (Phillips et al.
1988; Ponto 1989; McCarthy et al. 2003). However, a single dozer engaged in a single pass does
not represent how bulldozers are used during suppression. Bulldozers are used for many other
crucial non-fireline construction tasks (Ponto 1989). Estimates suggest that they are only being
used for fireline construction 60 percent of the time. The other 40 percent of their time is
attributed to stoppages due to safety concerns, servicing, mechanical issues, stuck time, or other
avoidable and unavoidable delays (Ponto 1989). Additionally, it is not prudent to have bulldozers
work alone. Although production per bulldozer decreases as the number of bulldozers increases,
bulldozers easily get stuck if they are working alone (Ponto 1989). Following the fireline
construction, additional firefighting personnel are needed to ensure the constructed fireline is not
subsequently reached (Ponto 1989).

2.4 Moving Beyond Fireline Construction: Control Lines
A detriment of the early fireline focus was that suppression became synonymous with fireline
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construction (Bratten 1970). Recall that fireline is a constructed part of the control line scraped or
dug to mineral earth. Thus, fireline construction excludes the efforts of resources that use water
or retardants such as aerial suppression and fire engines and the effect of existing roads or
barriers. Bratten (1970) suggested that the research focus should expand to other suppression
strategies. For example, 1) how fire engines are used to stop or slow fire spread, 2) how resources
are used for holding or burning operations, or 3) how aerial suppression is used to slow the
spread of fires and construct control lines. Bratten (1970) suggested that measures of
effectiveness would need to be developed for these activities above.
The first expansion to production rate guides occurred in 1982 (Schmidt 1982). The new guides
estimated burning, holding, and fatigue influences and incorporated limited engine control line
production rates for initial attack. Unfortunately, these guides were only estimations that were not
field-tested. In the decades since the 1982 guides appeared, studies of control line production
rates for strategies other than fireline construction have remained relatively rare (Fried and
Gilless 1989; Murphy et al. 1991; Hirsch and Martell 1996; Broyles 2011; McCarthy et al. 2003).
Fried and Gilless (1989) noted that engine control line production was “virtually ignored in the
fire literature despite its importance in some parts of the world” (Fried and Gilless 1989 p. 877).
Fried and Gilless' (1989) work was revolutionary in quantifying suppression. A state-wide survey
was administered to Californian fire captains, heavy equipment operators, and fire crew
supervisors. The firefighters were asked to make four estimates of the amount of time required
for control line production: 1) the best possible time to complete a section, 2) the most likely time
to complete a section, 3) the worst possible time to complete a section, and 4) a time that would
be greater than the time required for 90% of fires that occur in the given control conditions.
Survey estimates of the four production times for each control condition were used to estimate
parameters for probability density functions that were assumed to have a beta form. Results
confirmed that previous production rates were overly optimistic. The results also classified
variations in control conditions that were not represented before, such as the previously
unmeasured engine control line production and holding rates. Finally, they demonstrated the
stochastic properties of control line production (Fried and Gilless 1989).
Another ground-breaking study explored containment rates for hot-spotting in the boreal forests
of Alberta, Canada (Murphy et al. 1991). Hot-spotting slows or stops fire spread through the
delivery of water or chemical retardants, with priority given to the most intense parts of the fire.
The existing guides were unsuitable for northern Alberta as fireline construction is rarely used
there. Heavy equipment is rarely used as it would become bogged. Crews establish a hose lay
and, or work in tandem with aerial suppression on the hottest areas of the fire to knock down the
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flames. Murphy et al. (1991) established that fire behaviour variability influences hot-spotting
productivity more than variability in fuel density, an essential factor in fireline construction.
Fireline construction and heavy equipment are also not practical in Ontario, Canada, due to the
high water table (Hirsch et al. 2004). Instead, ground crews establish control lines by making a
wetline with a progressive hose lay. A wetline is a temporary control line that uses water or other
fire-retardant liquid. A progressive hose lay is a method of deploying hoses along the control line;
as the line progresses, the nozzle end of the line is clamped, and more hose is added. In Ontario,
crews commonly receive additional support from aerial suppression. To establish production rates
for these activities, Hirsch et al. (2004) conducted an expert elicitation study in Ontario, similar to
Fried and Gilless (1989). The progressive wetline was similar to the work of engine crews in
California, as described in Fried and Gilless (1989). Consistent with the northern Alberta study,
fire behaviour was again the critical impact factor on production rates. However, fuel type and
crew size (3 or 4 person crews) were also important factors. The impact of the extra crew member
was weaker in open fuel types and on low-intensity fires (Hirsch et al. 2004).
Control lines can be made up of natural or pre-existing fire barriers and constructed fireline. A
firebreak, also known as a fuelbreak, has been defined as a strip of land that is denuded of
flammable material (Wilson 1988) or any natural or constructed discontinuity in a fuel bed
(Department of Sustainability and Environment 2011). Decades-old experimental research in
grasslands examined the minimum width that a fuelbreak would need to be to stop a grassfire
(Wilson 1988). Wilson (1988) developed an equation for when a fuelbreak would be breached by
direct flame contact, in homogeneous grass fuels, based on the fire intensity (i.e., no spotting).
Subsequently, the results from this work were used to model the probability of a fire crossing a
fuelbreak in heterogeneous fuels (Green et al. 1990). The effectiveness of fuelbreaks in
heterogeneous fuels has not been determined and is an area of continued debate (Agee et al.
2000); therefore, the use of Wilson’s (1988) work to model heterogeneous non-grass fuel types is
likely an overextension. However, research into fuelbreak effectiveness has been limited.
Wilson’s (1988) work continues to be used to predict fuelbreak breaches in some of the most
recent research in this area (Frangieh et al. 2021; Frost et al. 2022).
A substantial gap in knowledge of fuelbreak effectiveness relates to the determination of why
fuelbreaks affect fires during wildfire events. Thompson et al. (2021) raise questions about roads'
effects on fire perimeters (Thompson et al. 2021). Roads have been identified as an important
control line feature by fire managers (Thompson et al. 2021) and by examining historical fire
perimeters (Price and Bradstock 2010; O’Connor et al. 2017; Thompson et al. 2021). As of early
2021, the cause of the historical alignment between roads and fire perimeters was unclear.
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Thompson et al. (2021) suggest the historical alignment could be due to 1) the road acting as a
fuelbreak to block low-intensity fire spread, 2) the roads acting as a location for suppression
resources to suppress the fire using water/suppressants, or 3) the road acting as an anchor for
intentional firing operations. As formal knowledge of large-fire suppression is limited, the
relative proportion of these alternatives remain unquantified (Thompson et al. 2021).
2.4.1 Aerial Suppression Use
Aircraft usage on fires has increased. Larger, more expensive aircraft are becoming more
common, and aerial suppression costs have increased substantially (Gould et al. 2004). In the late
20th century, aerial suppression research focused more on technical innovations or modelling for
the optimum distribution of aircraft and less on operational effectiveness (McCarthy 2003). The
focus of the late 20th-century aerial effectiveness studies and the more contemporary aerial
effectiveness research from Australia has predominately been on the initial attack (McCarthy
2003; Plucinski et al. 2012; Thompson, Calkin, Herynk, et al. 2013). Many of these studies have
found that aircraft use is effective for the initial attack. However, once the fire exceeds the initial
attack, aircraft have been found to have a limited effect on the fire’s growth (Bayham and Yoder
2020). However, fires that have potential for high growth tend to receive more aircraft, increasing
daily expenditures by over 35% (Bayham and Yoder 2020).
Although there have been several recent studies of large-fire aerial suppression, research in this
area has been scarce (Thompson, Calkin, Herynk, et al. 2013). Several assessments of Australian
aerial suppression have primarily focused on assessing the suitability of specific aircraft (National
Aerial Firefighting Centre 2015). Two of the most recent reports conducted by the National
Aerial Firefighting Centre (National Aerial Firefighting Centre 2015, 2017) were only made
public as exhibits to the recent Royal Commission into National Natural Disaster Arrangements
(Binskin et al. 2020). Unfortunately, the publicly available reports were markedly redacted. One
report had substantial redactions in numerous areas of the report, including but not limited to the
limitations, deployment locations, coverage levels, effectiveness, issues with fireground
management, scenario assumptions, and measures of success (National Aerial Firefighting Centre
2015). The other report had all the cost information redacted (National Aerial Firefighting Centre
2017). Redactions aside, the focus of these reports was the suitability of large and very large air
tankers for firefighting in Australia, primarily in an initial attack capacity and the aircraft were
deemed to have met the operational requirements (National Aerial Firefighting Centre 2015,
2017).
In the USA, guidelines suggest that air tanker usage be primarily targeted to the initial attack
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(Thompson, Calkin, Herynk, et al. 2013; Calkin et al. 2014). Yet, several empirical studies show
that the majority of aerial suppression resource use occurs during the expanded attack or largefire suppression (Thompson, Calkin, Herynk, et al. 2013; Calkin et al. 2014; Stonesifer et al.
2016; USDA Forest Service 2020). Stonesifer et al. (2016) examined historical large air tanker
drop data to assess adherence to operational (e.g. flight speed and drop altitude) and
environmental (e.g., terrain, fuels, the heat of the day) guidelines. Stonesifer et al. (2016) found
that aircraft usage generally met flight safety guidelines, but that aircraft were often used in
environmental conditions beyond what they were expected to be effective (e.g., during the heat of
the day and elevated fire behaviour). It was not possible to assess the drops' objectives from the
available data. However, Stonesifer et al. (2016) found that proximity to communities increased
the likelihood of air tanker dispatch, suggesting a socio-political demand for air tankers that
exceeds their assumed primary use of control line construction.
The Aerial Firefighting Use and Effectiveness (AFUE) study was initiated in 2013 to assess the
best mixes of aircraft to do any fire suppression job (USDA Forest Service 2020). An evaluation
of aerial suppression effectiveness must consider the drop objective, placement, coverage, and
effect on fire behaviour (Plucinski and Pastor 2013), as well as the effectiveness of the
suppressant (Giménez et al. 2004). The AFUE Report listed six objectives: 1) reduce fire
intensity/flame length, 2) delay fire spread/retard growth, 3) support ignition operations, 4) point
protection, 5) line fire/halt advance, and 6) extinguish fire/spot fire. As well as seven outcomes:
1) unknown/no data, no fire interaction, 3) burned through, spotted over, outflanked, change in
tactics/priorities, failed to contribute, 4) reduced fire intensity, 5) protected point(s) successfully,
6) and delayed fire spread (USDA Forest Service 2020). Expanding objectives beyond line
building (objective #5) was a considerable advancement for aerial suppression research. It had
previously been assumed that the primary purpose of aerial suppression was control line
construction (Stonesifer et al. 2016). The AFUE Report presented results for presented bar charts
and frequency statistics for eight different aircraft types (USDA Forest Service 2020). There was
considerable variation in the objectives, effectiveness, and probability of success for the different
aircraft types. The AFUE Report was a valuable advancement to aerial suppression research. As
the results were limited to descriptive statistics, ideally, further analyses will be completed on this
dataset in the future.

2.5 Control Line Production in Australia
In Australia, until 2003, firefighters had to use a combination of personal experience and adapted
North American production guides to estimate suppression capability (McCarthy et al. 2003).
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Yet, the usefulness of the North American guides was limited in Australian conditions. McCarthy
et al. (2003) established the first and only Australia-specific production guide for suppression.
The guide includes control line production rates for fireline construction, holding, and aerial
suppression. The study incorporated data on fuel hazard, weather, topography, fire behaviour,
resources, fireline production rates, holding rates, adequacy of resources, and challenges to
operations. In McCarthy et al. (2003), holding describes wetlines from fire engines (called
tankers in Australia) and aerial resources. The holding rate (meters per hour) relates to the length
of the fire perimeter held or prevented from burning further. As with Fried and Gilless (1989), the
fireline construction failed to include the resources needed for suppression firing and mop-up
operations. The study identified important factors affecting production and holding rates (Table
2.1).
Table 2.1 Factors affecting production rates, from McCarthy et al. (2003).
Handline Production

Bulldozer Production

Engine Holding Rates

Aerial Holding Rates

terrain

terrain

wind speed

wind speed

type of fuel

type of fuel

fuel hazard rating

vegetation density

fire behaviour

operator experience

2.6 Evaluating Suppression Productivity on Large Fires
Assessing the suppression of large fires requires a comprehensive evaluation of firefighting that
moves beyond control line production (Dimitrakopoulos and Martin 1987). The previous sections
detail research that qualifies suppression activities with studies limited to small fires and initial
attack. Productivity rates are isolated by resource type. These limitations ignore possible
interaction effects and returns-to-scale (Holmes and Calkin 2013). Suppression of large fires is
more complex than what is accounted for by the existing models (Finney et al. 2009). Initial
attack models often use the standard elliptical fire propagation models (Anderson 1983). Large
fires are characterized by heterogeneous weather, fuels, terrain, and fire behaviour, producing
complicated perimeter growth. Suppression of large fires has to be opportunistic (Finney et al.
2009). Direct, parallel, and indirect attack methods, including mop-up and suppression firing
operations, may co-occur on many sectors of the fire. It may take days or even weeks to achieve
containment. The combined efforts of hundreds of people and resources may be involved. There
is still insufficient data about the productivity and effectiveness of resources working on large
fires (Holmes and Calkin 2013; Katuwal et al. 2016).
Holmes and Calkin (2013) used a novel method to measure productivity on large fires. The
authors applied the Cobb-Douglas production function to empirical data from 47 large fires that
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spanned 650 days. The Cobb-Douglas production function is a widely used economic theory of
production (Cobb and Douglas 1928; Douglas 1976). A mathematical estimation of daily fireline
construction was generated, incorporating daily fire-perimeter and containment estimates. The
estimation of daily fireline construction was then incorporated in the Cobb-Douglas production
function, written as:
𝜷

𝐷𝐹𝐿𝑖𝑡 = 𝛾𝑥𝑖𝑡
Where 𝐷𝐹𝐿𝑖𝑡 is the fireline constructed on fire 𝑖 and day 𝑡, 𝑥𝑖𝑡 is a vector of production inputs, 𝑦
is a constant and 𝜷is a vector of parameters. Taking the logarithm of both sides of the equation
gives a linear equation that can be estimated by ordinary least-squares regression:
ln(𝐷𝐹𝐿𝑖𝑡 ) = 𝛼 + 𝜷 ln(𝑥𝑖𝑡 ) + 𝜀𝑖𝑡
Where 𝛼 is a constant, ln(𝑥𝑖𝑡 ) is the log of production inputs and 𝜀𝑖𝑡 is the equation error. The
parameter estimates, 𝜷 are elasticities that show the percentage change in output associated with
a percentage change in input factors.
Study results indicated that 1) there are increasing returns-to-scale in the suppression of fires, 2)
the overall productivity drops on days with extreme fire behaviour, 3) the presence of Incident
Management Teams (IMT) increases productivity, 4) fireline production is stochastic and
variable, and 5) production rates on large fires are lower than initial attack production rates. The
main weakness of the study was the lack of spatially explicit data. It was impossible to quantify
the amount of constructed fireline that became the final fire perimeter or qualify the fireline
strategies or tactics. There was insufficient data to indicate what activities the resources may have
engaged in other than fireline construction (Holmes and Calkin 2013).
The work of Holmes and Calkin (2013) was extended in Katuwal et al. (2016) with a similar
methodology. Both studies estimate production through the application of the Cobb-Douglas
production function. However, Katuwal et al. (2016) used stochastic frontier analysis to examine
the production relationship. The study used geospatial data of fire perimeters instead of the daily
estimates of fireline construction. Unfortunately, it was not possible to directly examine daily
fireline production. Instead, estimated daily production was based on the fraction of the final fire
perimeter ‘held’ each day, calculated by evaluating the difference between successive daily fire
progression maps. Estimations were generated for 63 fires that spanned a total of 481 days. The
fire perimeters were also evaluated for pre-existing control lines such as roads and rivers. A
notable result was that hand crews did not contribute to the measure of production, even though
hand crews are a prominent feature of fire suppression in the USA. Results suggest that control
line production is more efficient if control lines use existing barriers and areas where there have
been previous fires. The primary study shortcomings were that a proxy was used rather than
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actual daily control line production, and the study only examined fireline construction.
Geospatial fireline data have been evaluated to assess effectiveness (Gannon et al. 2020). This
was an advancement to previous large-fire productivity research that was limited by the absence
of spatial data (Holmes and Calkin 2013; Katuwal et al. 2016). Performance metrics were
established that relate to the proportion of fireline constructed, engaged with the fire, held, and
burned over (Gannon et al. 2020). Four key metrics were quantified: 1) the total fireline length to
perimeter ratio, 2) the engaged to total fireline ratio, 3) the held to engaged fireline ratio, and 4)
the held to total fireline ratio. Gannon et al. (2020) found that performance measures varied
widely. For example, incident-level fireline production varied from 7% to 315% of the perimeter
length. Also, performance measures were related to situational factors, such as fire location (e.g.,
wilderness versus interface fires) or variation in extreme fire weather. Broad zones of suppression
and effectiveness levels were delineated to categorize outcome quality. The low suppression, high
effectiveness zone was desirable, and fires in that category tended to be smaller and on average
had fewer days of extreme fire behaviour. Gannon et al. (2020) was an exploratory study, and the
authors anticipate that the performance metrics per can be related to additional geospatial
information (e.g., distance to the wildland-urban interface). In future, these promising metrics
will hopefully be related to daily resource and weather information.

2.7 Future Production Research
Until recently, the literature examining suppression operations on large fires has focused on data
found in final fire reports that is limited to overview information (Finney et al. 2009; Holmes and
Calkin 2013; Katuwal et al. 2016). It has been suggested that examining suppression strategies
and tactics is not possible due to limited data (Finney et al. 2009; 2012; Holmes and Calkin 2013;
Katuwal et al. 2016). Recent large-fire research does evaluate suppression progress by examining
daily fire perimeter maps, but it fails to include information about the suppression beyond
resource numbers (Katuwal et al. 2016). No studies have examined Incident Action Plans (IAP’s)
or Situation Reports (SitRep). An IAP is used to describe the incident objectives, strategies,
resources and other information relevant to the control of an incident (Rural and Land
Management Group 2009). Typically, an IAP is generated every shift period for a large fire. A
SitRep is a report on the progress of the fire and the efforts to control it, which is provided at
irregular intervals until the fire is declared safe. The information contained in these documents is
a valuable record of events, strategies, and tactics. The data could be matched with historical
weather data and geospatial information to provide a rich picture of suppression.
The recent work of Holmes and Calkin (2013) and Katuwal et al. (2016) has just begun to scratch
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the surface of production research for large fires. Both studies used US Forest Service data and
examined US fires. The only recent production research for ground resources in Australia is
McCarthy et al. (2003). Further research could explore resource interaction effects or examine
production rates for resources on large fires in Australia. A large amount of data is generated by
fire management agencies during suppression operations. The difficulty lies in understanding
what is generated and establishing a methodology to examine it.
Resource interaction effects are magnified on large fires, and a failure to consider these effects
can result in ineffective suppression. For example, “it may be necessary for bulldozers to precede
other vehicles in steep terrain, limiting fireline construction to their rate of productivity (Duff and
Tolhurst 2015 p. 743)”. Large fire perimeters may extend for hundreds of kilometres, and the
production rate of a bulldozer is ~2.5km/hr. One can see how this could hamper suppression
efforts. However, interaction effects can also be positive. “Aircraft working with ground
resources can result in more effective fireline holding than either resource type working in
isolation (Duff and Tolhurst 2015 p. 743)”. A true evaluation of suppression productivity will
need to account for the unique abilities of different resource types and the interactions between
them, the fire, and the landscape. There is limited existing research and guidance on optimal
resource combinations (Duff and Tolhurst 2015).

2.8 Fire Management Tools Relevant to Large Fires
Successful management of fires is complex (Thompson 2013). A great deal of uncertainty
characterizes the decision environment. Fire management professionals must incorporate
information about “fire behaviour, topography, firefighter safety and exposure, transportation
logistics, resource availability, and productivity (Calkin et al. 2011 p. 275)”. There are various
Decision Support Systems (DSS) to assist with decision making that fire management agencies
have used for decades (Martell 1982, 2011, 2015). DSS assists in areas where complex decisions
are required, such as prevention, detection, dispatch, and initial attack. Unique tools have been
developed in multiple jurisdictions, including Australia, Canada, the USA, and multiple countries
in Europe (O’Connor et al. 2016). Regrettably, successful Fire Management Decision Support
Systems (FMDSS) relating to the management of large fires have yet to be developed (Rönnqvist
et al. 2015).
Operational researchers have been working with fire managers since the 1960s to create
Operations Research (OR) models of suppression (Duff and Tolhurst 2015; Rönnqvist et al.
2015). The OR models can be considered building blocks to be incorporated into DSS (Ball and
Datta 1997). The OR models are used to solve resource allocation problems by determining an
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optimal solution within a defined a set of constraints. The OR models are used to experiment with
a model of the system they are meant to replicate to test solutions and learn about the system
without making changes to the actual system (Reeb and Leavengood 1998). Existing OR models
of initial attack can and are used for planning and budgeting purposes (Fried and Fried 1996;
Pacheco and Claro 2018). Unfortunately, thus far OR models of large fires have been inadequate
for operational use (Duff and Tolhurst 2015). Repeated attempts have been made to create OR
models of suppression that apply to large fires. Over time, OR models have improved. The proofof-concept models are approaching a level of complexity that may be sufficient for operational
use. The following section highlights OR models that relate either to large fires or approach the
level of complexity required to model suppression of large fires.
A foundational OR model for large fires, based on utility maximization principles, was developed
by Mees and Strauss (1992). The model required much greater user input than the more recent
OR models. The work differed from the initial attack OR models that represent a fire with an
elliptical spread, as described by (Anderson 1983). Typical initial attack models deem a fire
‘contained’ when suppression (length of constructed fireline) equals the ellipse's perimeter. In the
Mees and Straus (1992) method, the possible future control line is mapped in place of constructed
fireline. The perimeter is broken into segments, akin to how large fires are managed. The user
divides the mapped control line into homogeneous segments and assigns a utility value to the
importance of containing each segment. An estimate of the likelihood of the segment holding the
fire is then developed. The estimate is based on user input, fire weather, and the expected width
of the constructed fireline. Resources with variable production rates are assigned to each segment
to generate a utility-maximizing solution. The optimal solution seeks to maximize the product of
the segment utilities and holding probabilities. The process is repeated with different parameters
to examine various results. The high reliance on user inputs was the main weakness, as there was
a high degree of variability between users’ probability estimates. Another limitation was that the
complexity of the model challenged computer processing capabilities (in 1992), which may be
less relevant with modern computing.
The work of Podur and Martell (2007) was another deviation from the usual containment models.
The model assesses many fires with optimization occurring on a provincial scale in Ontario,
Canada. The model is a queueing system where fires are customers and resources are servers. It
was structured into three main modules: one to simulate fire ignitions, one to dispatch
suppression resources, and one to simulate firefighting and fire growth. The aim was to minimize
the annual area burned. The decision variable was the available resources based on an Ontario
specific resource pool. Resource allocation constraints come from the Ontario Ministry of Natural
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Resources’ Large Fire Management Guidelines and fire managers’ subjective estimates of
aircraft needs. When control line construction exceeded 75% of the fire’s perimeter, fires were
deemed contained to account for the abundance of Ontario’s lakes that form pre-existing
firebreaks. However, the numerical value of 75% was provided through expert input without any
empirical basis. One limitation is that the optimization centred on the area burned. This metric
does not incorporate the cost of suppression resources, the value of the area burned, or other
burned values such as houses. Another concern is that the containment strategy focused on
control line construction using initial attack production rates, which may not generalize to large
fires. Finally, the resource pool and allocation guidelines are Ontario specific, limiting
generalizability for other landscapes or agencies.
A preliminary analysis of a discrete event agent model of suppression in cellular space was
presented by Hu and Sun (2007). The model incorporates three suppression strategies: direct
attack, parallel attack, and indirect attack. The model has three components: one for fire spread, a
second to determine the stochastic optimization of firefighting resources, and a third to deploy the
resources. In a user-directed deployment interface, the user must enter indirect attack strategies.
Yet, the model’s assumptions are inadequate. First, if resources work together on the same
segment, the model assumes that the fireline production rates are additive, an assumption with no
empirical basis. The assumed production rate of 0.125 meters/second or 450 meters/hour exceeds
even the most optimistic production rate of 342 meters/hour listed in a recent study (Broyles
2011). Cost and damage constraints are not included, and the suppression scenarios are
oversimplified.
A Genetic Algorithm (GA) based simulation-optimization model was created by HomChaudhuri
et al. (2010, 2013). The model generates grid-based elliptical fire spread with homogeneous and
heterogeneous environmental conditions. Fireline construction is the only strategy, and it was
modelled at a continuous rate. GA optimizes resource allocation and fireline construction by
identifying the initial locations of firefighting teams and the direction of their fireline
construction. The fire ‘escapes’ if it reaches a containment line before the fireline is complete.
The optimization strategy does not account for values lost, suppression costs, or suppression
time. The model also misses resource access constraints, natural barriers that could be used as the
control line, terrain restrictions, resource limits, and other firefighting strategies such as burning.
The authors acknowledge that their model could be improved with further input from firefighters.
A mixed-integer linear program in a raster landscape provided a substantial advance in OR
modelling (Wei et al. 2011; Belval 2014; Belval et al. 2015). In the model, suppression is
optimized through resource assignments that are dependent on predicted fire behaviour. The
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model includes calculations of fire arrival times, spread distances, and fireline intensities. Nonflammable cells are incorporated to represent existing barriers. A ‘safety buffer’ is triggered when
fireline intensity breaches a predetermined limit, providing crew safety by forcing the model into
indirect attack. Fireline quality is used to measure whether suppression will be successful or not.
Unfortunately, the single and multi-crew fireline production rates that are used are unrealistic and
lack an empirical basis. Also, computational limits may impact scalability. This model is a step
forward for OR, but it is still inadequate for practical use. The model only uses grass-type fuels
and does not account for spotting fire behaviour. The suppression does not represent variable
production rates or activities other than fireline construction. Crews are only required to construct
a fireline in advance of the fire arrival and, or adequate safety buffer and then move on, so there
is no resource attrition to hold the constructed line for fire arrival.
The models listed above have common limitations. They either simplistically represent
suppression or require extensive user input. Simplistic suppression is limited to fireline
construction, not including resource interaction effects. Suppression strategies such as
suppression firing and holding operations, mop-up, and aerial suppression have not been
incorporated. More recent OR models have integrated additional complexities. However, rather
than fire suppression, they relate more to urban interface issues, such as arrival time for asset
protection (Roozbeh et al. 2021) or resident evacuation (Zhou and Erdogan 2019).
Research on fire cessation is limited (Narayanaraj and Wimberly 2011; Price et al. 2014). Work
in this area often focuses on assessments of spatial features (e.g., topography and fuels), ignoring
suppression resources (Narayanaraj and Wimberly 2011; Price et al. 2014; Rodrigues et al.
2020). Further work is needed in this area to include alternative resource usages, such as patrol,
asset protection, and the involvement of aerial resources extinguishing spot fires (Duff and
Tolhurst 2015). Despite the necessity, recent suppression focused research remains scarce. For
example, a recent review of machine learning techniques developed for decision support in fire
management found only 5 of 135 articles related to suppression (Bot and Borges 2022).
Suppression firing research is particularly scarce, despite the widespread use of this activity
(Vega et al. 2012) and its importance in parallel and indirect attack. Large-fire OR models have
not been operationally adopted because they are unrealistic. Two are likely reasons: they are
oversimplifications and fail to incorporate alternate suppression strategies and tactics.
2.8.1 Fire Management Tools in Operational Use
Several fire behaviour prediction DSS were developed and used in Europe, North America, and
Australia (Cardil et al. 2021). Fire management agencies use these tools to provide information
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about what geographic area fire is likely to impact (Calkin et al. 2011; Duff and Tolhurst 2015).
Yet, the programs fail to provide the user with sufficient information to evaluate the large-fire
suppression. For example, two of the most advanced DSS that are currently in use, the Wildland
Fire Decision Support System (WFDSS) in the USA (Calkin et al. 2011; Noonan-Wright et al.
2011) and PHOENIX RapidFire in Australia (Tolhurst et al. 2008) have limited suppression
functions. The WFDSS represents a pinnacle in FMDSS in the USA (Calkin et al. 2011). The
system integrates geospatial fire behaviour modelling with the predicted impacts. The WFDSS
provides the user with probability estimates of the likely impact of the fire, both by time and
geographic location. However, WFDSS leaves the evaluation of suppression strategies and
effectiveness up to the user (Calkin et al. 2011), because the program currently has limited ability
to model the suppression effects (USDA Forest Service). The WFDSS effectively packages many
decision support tools (Wildland Fire Management RD&A 2019). One additional tool called
BehavePlus (USDA Forest Service), not directly available through the package of WFDSS tools
but commonly used in association, has suppression modelling capacity. However, suppression
modelling in BehavePlus (USDA Forest Service) is limited to initial attack, and the program does
not produce a spatial output (Wildland Fire Management RD&A 2019; USDA Forest Service).
PHOENIX RapidFire provides geospatial fire behaviour modelling, and it also incorporates an
option for limited suppression modelling (Tolhurst et al. 2008; Duff and Tolhurst 2015). The
suppression modelling in PHOENIX RapidFire is limited to a single suppression strategy of
direct attack from the rear with resources engaged in control line production. The user must
manually specify resources for which a stochastic production rate is applied to build a progressive
control line along the fire's flanks towards the head. Resource contributions are additive, and
there are no interaction effects. A deficiency of the PHOENIX suppression module is that it is yet
to be empirically tested (Penman et al. 2013).
The geospatial representation of suppression difficulty (Rodríguez y Silva et al. 2014; O’Connor
et al. 2016; Silva et al. 2020) is one of several recent advancements in DSS. The Suppression
Difficulty Index (SDI) relates measures of potential fire behaviour and suppression opportunities
and provides a spatial representation of the anticipated suppression difficulty. Suppression
opportunity was defined by accessibility (e.g., the proximity of roads and density of fuels), aerial
resource cycle times, and fireline construction rates. In the USA, the SDI has been combined with
potential control line locations (PCLs) to ultimately create polygons known as Potential Wildfire
Operational Delineations, or PODs (Thompson et al. 2020; Greiner et al. 2020). The PCLs were
created with a machine learning algorithm that analyses patterns of historical fire perimeter
locations in relation to landscape features, such as slope steepness, fuel transitions, and roads
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(O’Connor et al. 2017). Initially, PODs primarily functioned to facilitate improved
communications between the various stakeholders involved in fire and land management in the
US (Greiner et al. 2020). The preseason use of PODs has served to improve communication and
fire management outcomes on the 2017 Pinal Fire in the Tonto National Forest (O’Connor and
Calkin 2019).
Although not currently in operational use, the latest state-of-the-art OR models in the USA also
use the PODs concept (Wei et al. 2018, 2019, 2021). In these PODs based OR models, PODs are
used to identify the potential containment locations. A mixed-integer program model was used to
aggregate the PODs, minimize fire-related losses, and evaluate contingency strategies (Wei et al.
2018, 2019, 2021). The most recent version of the PODs based OR models had a short
computational time (<1 minute), which was a promising result, especially as the model was run
iteratively (Wei et al. 2021). The model was used to compare different types of contingency plans
and was effective as a proof of concept. The model incorporated the minimum travel time method
to model fire growth (Finney 2002), with the fire starting in one POD and spreading through
adjacent PODs. Fire spread was halted by fireline construction along the POD boundary. There
were several notable limitations. Firstly, fireline construction was only represented by one
resource type, hand crews. Secondly, the PODs are an overly coarse way to model fire spread (in
terms of spatial resolution). Thirdly, containment breaches were randomly generated and
assumed to be independent, which is not representative of what occurs during large-fire
suppression.
Currently, PODs is also joined by a suite of additional decision support tools (e.g., Snag Hazard
and Trade-Off Analysis) in the Risk Management Assistance (RMA) program (Calkin et al.
2021). The RMA aims to facilitate a process of structured decision-making during large-fire
suppression (Calkin et al. 2021). These tools will undoubtedly gain widespread, real-time usage
for large-fire management with further research and additional input variables (e.g., resource
productivity).

2.9 Cost Effective Suppression
The purpose of DSS and OR models is to improve decision-making by fire managers, not to
replace them (Martell 1982). The current tools are inadequate, and fire managers are becoming
more risk-averse as they are increasingly conscious of their liability (Canton-Thompson et al.
2008). They face intense pressure to contain fires at all costs while there are values at risk, but
after the fire is contained, they often face extreme scrutiny about how money was spent (CantonThompson et al. 2006, 2008). Currently, there are no performance measures for cost containment
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(Canton-Thompson et al. 2008). However, there is an established economic model to optimise
the cost of fire management.
Fire management is classified into four areas: 1) the prevention of unplanned fire, including the
prescribed use of fire and other mitigation activities to achieve specific management objectives,
2) preparedness measures to ensure an appropriate response to fire, 3) response procedures to
contain a fire safely and efficiently, and 4) recovery programs to mitigate the undesirable impacts
of fire and fire suppression activities (National Parks and Wildlife Service 2014 p. 5). The Cost
plus Net Value Change (C + NVC) model provides the theoretical economic framework to
achieve the optimal mix of prevention, preparedness, response, and recovery (Donovan and
Rideout 2003).
The optimal mix is achieved by minimizing the combined cost of fire management and resulting
fire damages while balancing the environmental impact (both positive and negative) that result
from fires. The seminal work relating to the C+NVC model was the Least Cost plus Loss (LC+L)
model introduced in 1925 (Sparhawk 1925). The LC+L model was re-evaluated in 1976 and
renamed the C+NVC model (Simard 1976). Over time, successive refinements to the C+NVC
model have been made (Blattenberger et al. 1984; González-Cabán et al. 1986; Donovan 2001;
Donovan and Rideout 2003; Rideout and Ziesler 2004). The model has achieved practical use, as
it provides the theoretical underpinning of the US Forest Service budget decisions (Donovan and
Rideout 2003).
Despite the long history of the C+NVC model and its integration into budgetary decision making,
the model has seen limited empirical validation (Mendes 2010). The first empirical estimation of
the model was completed in 2006 (Lankoande and Yoder 2006). Mendes (2010) suggests two
reasons for this deficiency, which relate to the complexity of fire management. The first is that
the interdisciplinary dialogue required for this fire research is lacking. The second is that the
complexity of the task and required data analysis has thus far been too great. The C+NVC model
provides the theoretical framework. However, the practical application of the C+NVC model
requires estimations of both the cost and the effectiveness of all four areas of fire management
and estimations of economic damages ecological benefits that result from fires (Lankoande and
Yoder 2006).
Practical application of the C+NVC model is problematic as there has been limited formal
quantification of suppression of large fires (Thompson et al. 2015; Duff and Tolhurst 2015;
Katuwal et al. 2016). Without understanding the effectiveness of suppression on large fires, the
optimal level of response cannot be estimated. Of greater concern, erroneous partial estimation,
misrepresentation, or failure to understand the theory of the C+NVC model leads to ineffectual
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policy interpretations (Rideout and Ziesler 2004).
The US Forest Service provides a poignant example of the problems that occur when this
economic fire management model becomes unbalanced. An ever-increasing share of the US
Forest Service Budget is being allocated to response, from 16 percent in 1995 to 50 percent in
2015 (USDA Forest Service 2015). Suppression costs are escalating, yet the annual area burnt,
and resulting damages are not decreasing. Investment into other fire management areas, such as
prevention and preparedness, has suffered because of the need to divert funds to suppression
efforts (Steelman 2016). Yet, investment in these self-same fire management areas is meant to
decrease the frequency and intensity of fires and thereby decrease suppression costs. In addition,
fire managers have reported that political pressure has led them to use resources, strategies, or
tactics that they would not typically have used; in many cases, they knew it would be ineffective
during suppression (Canton-Thompson et al. 2006, 2008). Objective measures of suppression
effectiveness on large fires could assist fire managers in this area. Without this research, fire
managers will become more risk-averse and default to spending money on ineffective
suppression efforts to protect themselves from liability (Canton-Thompson et al. 2008). There is
much scope to improve FMDSS tools, however, a better representation of suppression based on
empirical data will be required. The current systems that have been established for recording and
archiving fire response information are promising sources of data that have not yet been explored.

2.10 Summary
A clear theme that emerges from this research is that our knowledge of large-fire suppression is
woefully inadequate. Fireline construction has been a primary focus of suppression research and
productivity guides have been generated. Yet, there is an unsatisfactory match between
productivity rates and large-fire resource use that indicates that much of what happens during
large-fire suppression is unaccounted for. It is still unclear how something as fundamental as
roads are affecting large-fire suppression. Without understanding large-fire suppression,
researchers cannot improve on FMDSS. This leaves large-fire managers without decision
support, in an era of increased liability. Unsurprisingly, suppression spending has increased, yet
when the previous decade of extreme fire events is evaluated, it is unclear whether the increased
spending is having a positive effect. Fundamental large-fire suppression research is required to
fill the existing knowledge gap. The first question to answer: How are suppression resources
being used on large fires?
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3 A Temporal Framework of Large Wildfire Suppression in
Practice, a Qualitative Descriptive Study
This chapter and associated appendices were published as:
Simpson H, Bradstock R, Price O (2019) A Temporal Framework of Large Wildfire Suppression
in Practice, a Qualitative Descriptive Study. Forests 10, 884. doi:10.3390/f10100884.
Abstract
Suppression activities on large wildfires are complicated. Existing suppression literature does not
take into account this complexity which leaves existing suppression models and measures of
resource productivity incomplete. A qualitative descriptive analysis was performed on the
suppression activities described in operational documents of 10 large wildfires in Victoria,
Australia. A five-stage classification system summarises suppression in the everyday terms of
wildfire management. Suppression can be heterogeneous across different sectors with different
stages occurring across sectors on the same day. The stages and the underlying 20 suppression
tasks identified provide a fundamental description of how suppression resources are being used
on large wildfires. We estimate that at least 57% of resource use on our sample of 10 large wildfires
falls outside of current suppression modelling and productivity research.
Keywords: Wildfire; Suppression; Fire Management; Resource Use

3.1 Introduction
Hundreds of thousands of wildfires occur annually across all populated continents (Krawchuk et
al. 2009). One or two percent of these become large wildfires (Strauss et al. 1989; Stocks et al.
2002; Donovan and Brown 2005) and cause the majority of the damages (Strauss et al. 1989;
Omi 2005; San-Miguel-Ayanz et al. 2013). The impacts of these wildfires will continue to
escalate as the wildland-urban interface expands (Mell et al. 2010; Moritz et al. 2014).
Suppression continues to be the primary method of wildfire management (Fernandes 2013) and it
is an increasingly costly enterprise (Thompson et al. 2015). Suppression costs increased from 1 to
3 billion dollars in the USA from the mid-1990s to the mid-2000s (U.S. Government
Accountability Office 2007). In Australia, the annual wildfire operations expenses for one agency
($268 million in 2017) now exceeds the combined suppression costs for three States during the
2003 fire season ($212 million), which was one of the most severe seasons on record (Ellis et al.
2004; NSW Rural Fire Service 2017). The suppression of large wildfires accounts for the vast
majority of suppression costs (Strauss et al. 1989; Holmes et al. 2008). Despite these cost
increases, we have a limited understanding of suppression efforts and their effectiveness on large
wildfires (Finney et al. 2009; Katuwal et al. 2017).
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The focus of the majority of suppression research is small fires or initial attack (Plucinski 2019b;
a). The conceptual model of this research is exemplified in Suppression Simulation Models
(SSMs) where all suppression effort is directed to the additive production of control lines until
containment is achieved (Duff and Tolhurst 2015). Recent large-fire suppression research
challenges the assumptions of these models. Anomalous negative production rates have been
established for ground crews indicating that they are not engaged in fireline construction, the
main assumed activity in SSMs (Katuwal et al. 2016). In addition, despite guidelines stipulating
otherwise, nearly half (45%) of large air-tanker use in the USA is on large-fire suppression that
may not relate directly to containment. Few, if any of the existing research-based firemanagement tools, such as decision support systems (DSS), suppression simulation models
(SSM) or operational research (OR) models relate to large-fire management (Duff and Tolhurst
2015). The shortfalls of these models and why they have not achieved operational adaptation are
reviewed in Thompson et al. (2017). In large-fire management, objective measures of
effectiveness are limited, or non-existent (Plucinski 2019b; a). Without such measures and
without effective research-based fire-management tools it is unsurprising that Incident
Management Team (IMT) preferences can be as important as fire and environmental factors in
explaining the number and type of resources that are used, with some IMTs using an order of
magnitude more resources than others on similar wildfires (Hand et al. 2017).
Finney et al. (2009) assert that large-fire suppression is qualitatively different from initial attack.
A recurring theme in suppression research (Calkin et al. 2014; Katuwal et al. 2016, 2017;
Stonesifer et al. 2016) is that resources used in large-fire suppression are engaged in activities
beyond what has been established in the literature, however, the nature of these activities is yet to
be established empirically. Until we identify these activities, we cannot answer the deceptively
simple question: ‘How effective is large-fire suppression?’ First, a more fundamental question
must be answered: ‘How are suppression resources being used on large wildfires?’ To answer this
question we aim to develop a framework of large-fire suppression. We begin with a descriptive
account of large-fire suppression using existing Wildfire Management Agency definitions of
suppression status as a five-stage scaffold. Following this we identify key fireline suppression
tasks and determine the temporal context of those tasks within the five stages. Finally we contrast
this work with the current conceptualisation of resource use to identify the shortcomings in the
literature. The abrupt nature of wildfire events makes direct collection of high quality data
problematic (Finney et al. 2009; Plucinski et al. 2012; Holmes and Calkin 2013; Katuwal et al.
2016). To address this, we undertook a qualitative document analysis similar to the evaluation of
post-fire inquiries in Australia conducted by Bearman et al. (2015). As the principal source of
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information, we examined suppression actions detailed in operational documents that are
produced by wildfire management agencies during wildfire suppression. We performed a
qualitative descriptive analysis to provide a summary of events, in the everyday terms of those
events (Sandelowski 2000).

3.2 Materials and Methods
Three interconnected approaches were used to define how suppression unfolds through time
during major wildfires: daily reconstructions of the individual wildfires spread and suppression
response, classification of the suppression response in progressive stages, and delineation of
distinct fireline tasks within those stages. An initial examination of the data led us to conclude
that the smallest identifiable unit that a meaningful assessment of stage and resource activity
could be made on is a sector of the wildfire over the course of a 24-hour burn period. This was
delineated by the morning shift change (typically 7am) which formed a natural break in weather,
fire behaviour, and operations. This division of the data is similar to the segmentation of
suppression in Mees and Strauss (1992), one of the only large fire SSMs. The use of categorical
stages to describe fire status is common within fire management agencies (National Parks and
Wildlife Service 2014; Department of Environment, Land, Water & Planning 2015; BC Wildfire
Service 2017; Canadian Wildland Fire Management Glossary 2017; New South Wales Rural Fire
Service 2019; Queensland Fire and Emergency Services 2019; Tasmania Fire Service 2019). The
number and status definitions vary across jurisdictions and even within single agencies over time;
we used the broad overlap of these agency status as a starting point to form an initial scaffold of
five suppression stages, Table 3.1. Further refinement of this scaffold was achieved by
consultation with members of those agencies, and the previous field experience of the author. The
five-stage suppression framework permits us to deconstruct suppression operations, to classify
suppression tasks and identify how resources are being used on large wildfires. The aim was to
refine the suppression stages and determine the suppression tasks that defined them through an
iterative deductive and inductive process of qualitative coding, analysis and consultation.

26

Table 3.1 Fire suppression stages vs existing agency status definitions. A representation of how
the proposed fire suppression stages map to existing agency definitions of fire status across
jurisdictions.
Agency

Status

This Study

1 - Defensive

DELWP1

2 - Offensive
Going

NSW RFS2

Out of Control

QLD RFS

NSW Parks4
CIFFC

5

Going

4 - Mop Up

5 - Patrol & Rehab

Contained

Under Control 1

Under Control 2

Being Controlled
Going

3

3 - Containment

Being Contained
Out of Control

Under Control
Contained

Patrol

Contained

Patrol

Being Held

Under Control

Department of Environment, Land, Water and Planning, Victoria, Australia; 2 Rural Fire Service, New South Wales, Australia;
Rural Fire Service, Queensland, Australia; 4 National Parks, New South Wales, Australia; 5 Canadian Interagency Forest Fire
Centre, Canada.
1
3

3.2.1 Sources of Data
Over three thousand wildfires occurred between 2011 and 2015 in Victoria, Australia. Of these,
74 were over 500 hectares in size, and therefore candidates for our study of large wildfires. Fortyeight were discarded due to limited, missing, or indecipherable spatial or resource data.
Heterogeneous sampling, a purposive sampling technique (Morse and Mitcham 2002) was then
used to select ten wildfires from the remaining 26 to evaluate in-depth. These ten wildfires
represented a range of geographic regions, fuel types, sizes, and suppression complexity (Table
3.2). The data for this study was sourced from the Department of Environment, Land, Water and
Planning (DELWP) who provided access to:
FireWeb, a live incident reporting website which is their primary source of integrated fire
management information (source of Situation Reports (SitReps), Incident Shift Plans (a.k.a.
Incident Action Plans or IAPs), archived eMap data, linescans, operational maps and
photographs).
eMap, a live incident mapping and resource tracking website (source of operational mapping
information, fire history, and a simple geographic information system (GIS) viewer used to
corroborate information).
GIS and mapping data from internal DELWP databases (source of real-time aircraft tracking
system data, operational maps, mapping information, and GIS spatial base layers for the
State of Victoria).
We also sourced remote weather station data from the Australian Bureau of Meteorology (relative
humidity, temperature, wind direction, and wind speed) to describe the daily fire weather
conditions.
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Table 3.2 Fire suppression selected wildfires: name, size and number of associated documents.
Fire Name

Size (ha)

#SitReps

#Day IAP

#Night IAP

Total Documents

Stonyford

593

16

4

3

23

Hallston

629

57

16

3

76

Powelltown

674

34

8

5

47

Corryong

2617

53

14

9

76

Morwell

2945

31

14

6

51

Timbarra

3096

53

27

12

92

Lake Rowan

5710

18

5

3

26

Kentbruck

12006

95

7

8

110

Mickleham

22832

27

5

4

36

Grampians

54616

95

27

11

140

3.2.2 Reconstructions
Daily wildfire reconstructions were used to contextualize the suppression efforts and provide an
understanding of the suppression achievements and wildfire response of a given burn period. The
reconstructions covered a total of 156 days across all fires and they were based on linescans, GIS
records, operational maps and 674 SitReps and IAPs that included information on the planned
suppression efforts, strategies, current fire situation, and other relevant activities. IMT members
from two of the wildfires were consulted to verify the accuracy of the fire reconstructions.
Summary reconstructions of the 10 wildfires are in Appendix A.
3.2.3 Classification of Stages
For the suppression stages, a directed content analysis was applied whereby a ‘scaffold’ (Morse
and Mitcham 2002) of five stages was used as initial coding categories to code the data (Hsieh
and Shannon 2005). Initially, the lead author (experienced wildland firefighter) and one other
researcher independently coded the suppression stages based on a holistic view (Saldaña 2013) of
what happened during a 24 hour burn period at a sector level. Substantial agreement was
achieved for two wildfires that the coders overlapped on. Further refinements to the suppression
stages were made by again consulting with industry experts and by the two coders’ jointly
analysing and recoding a common wildfire. Finally, all 10 wildfires were revisited to ensure
consistency and the comments from the SitReps and IAPs were coded into the suppression stages
as nodes using NVivo11 software (QSR International Pty Ltd. 2015).
3.2.4 Classification of Tasks
Content analysis (Krippendorff 2004) employing NVivo11 software (QSR International Pty Ltd.
2015) was used to code and analyse the comments from the SitReps and IAPs for discrete
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suppression tasks. Process codes (Saldaña 2013) were developed from broad categories of
suppression activities that are readily identifiable from the suppression literature or are in
common usage in fire management agencies. Then these broad activity nodes were ‘charted’
(Gale et al. 2013) into a matrix with the suppression stage nodes. Each cross referenced set of
text was re-examined in order to sub-classify the broader activities into distinct suppression tasks
that partner with the suppression stages.

3.3 Results
3.3.1 Suppression Overview
Figure 3.1 is a conceptual map of suppression resulting from our analysis of the charted stages
and activities. Our iterative qualitative analysis of ten large wildfires revealed considerable
complexity of suppression effort. Overall we identified and delineated 20 distinct suppression
tasks (white boxes, Figure 3.1). Detailed descriptions of each task are given in Appendix B
(Chapter 8.2 in this thesis). Much of the existing suppression literature and SSMs relate to the
Establish Control Lines task. While the five stages are explained in detail in the next section, key
aspects that delineate the stages are:
1.

Defensive Suppression – The fire behavior is beyond the control capacity of the
suppression resources.

2.

Offensive Suppression – The suppression resources are making ‘gains’ on the fire. Plans
are emerging and being executed.

3.

Containment Achieved – In a post-hoc analysis this is the clearest stage to delineate. A
control line has been established along the entirety of the sector or division and subsequent
mop-up activities are expected to hold the fire at this perimeter.

4.

Mop Up – While mop-up activities occur to some degree in stages 2-5, complete mop-up of
some depth (typically a 30 meter perimeter) is the focus of this stage.

5.

Patrol and Rehabilitation – The fire is still smoldering in the interior or in isolated hotspots
on the perimeter. Perimeter mop-up is almost complete and resources can be freed up for
rehabilitation or demobilization. The boundary between stage 4 and 5 is the fuzziest.

Normally an ordinal progression through the stages occurs unless there is an ‘escape’ or
rekindling at which point a sector or even the whole fire can revert back to an earlier stage.
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Figure 3.1 Suppression Stages, Activities, and Tasks. Green boxes are stage names and associated
key fire behaviour. White box are distinct suppression tasks identified by analysing cross-coded
broad categories of suppression activities (yellow boxes) with the suppression stages.
3.3.2 Characteristics of Stages and Activities
3.3.2.1 Stage 1 - Defensive Suppression
The key characteristic of the defensive suppression stage was that the current or expected fire
behavior exceeds the suppression control capacity (Department of Environment Land Water and
Planning 2016). Classification of this stage was made when there was a combination of sustained
dangerous fire behavior over the majority of burn period and largely unsuccessful or unattempted
containment efforts, Table 3.3. Dangerous fire behavior was defined by reports of escalating fire
activity and intensity, an organised head or fire front, and uncontrollable spotting. The focus of
the suppression effort in wildland urban interface areas was asset protection, whereas firefighter
safety was prioritised on remote wildfires and ground resources were not dispatched until the fire
behavior moderated. For ground resources, asset protection was prioritised over containment
efforts and aerial resources were directed to either assist with asset protection or slow the running
fire, Table 3.3.
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Table 3.3 Illustrative excerpts of unsuccessful, un-attempted, and defensive suppression.
Activity

Excerpt from SitRep or IAP

Source Fire

Unsuccessful

“The fire is burning in a South Westerly direction and has spotted
over a ridge at XE 240064.4 helitak are working (including the Air
Crane) on the running edge but having a limited influence at this
stage (DELWP 2014e p. 2) (p. 2).”

Grampians

Unattempted

“Fire is in very steep, remote and inaccessible country. Nearest
vehicle tracks not suitable for float of machinery. Direct attack with
hand crews not possible with current FDI/fire behaviour (DELWP
2014v p. 2) (p. 2).”

Timbarra

Defensive
Suppression

“Crews focusing on asset protection with the assistance of air
support. Air support being used to slow the spread of head fire and
spread of eastern flank (DELWP 2014x p. 2) (p. 2).”

Mickleham

An example of limited duration defensive suppression occurred on the Corryong wildfire with
reports of “[i]ncreased fire activity this afternoon, spotting 100m uphill - not confident of holding
the fire within containment lines this afternoon (increased winds). Ground crews and contractors
have now been withdrawn to a safer location (DELWP 2014i pp. 1–2)”. However, a few hours
later the crews had re-engaged and it was reported that the “[f]ire activity from the afternoon of
21 Jan has settled down and fire remains within containment lines” (DELWP 2014j p. 1). The
defensive response in this situation did not merit inclusion into the defensive stage as the
dangerous fire behavior was limited in duration, the crews re-engaged after a brief disruption and
the fire remained within the intended containment area.
Defensive suppression occurred on eight of the ten wildfires (Powelltown & Stonyford did not
manifest this stage). Defensive suppression was a prominent part of the three wildland urban
interface wildfires (Grampians, Mickleham, & Morwell) that had prolonged periods of dangerous
fire behavior, asset protection efforts, and substantial asset damage. One wildfire (Lake Rowan)
had limited information about the initial burn period and defensive suppression was inferred from
reports of rapid fire growth and asset protection. The initial burn periods of two remote wildfires
(Corryong & Timbarra) were classified as defensive because ground resources were not
dispatched due to the expected fire behavior conditions. The defensive suppression classification
for two wildfires (Kentbruck & Hallston) was the result of unsuccessful suppression efforts that
necessitated further asset protection.
3.3.2.2 Stage 2 – Offensive Suppression
Stage two was characterised by deliberate containment efforts as opposed to the reactionary
response of stage one. Suppression resources successfully suppress active fire, contain spot fires,
and retard fire behavior that had the potential to exceed the control capacity. Resources were used

31

to establish control and contingency lines, conduct burning operations, identify and clear hazardtrees, mop up, and prepare assets for potential future impact, Table 3.4. Damage assessments and
recovery operations initiated on three wildfires (Mickleham, Morwell, and Grampians) by nonfireline personnel have not been included in the tasks of this stage. Fire behavior was
heterogeneous and ranged from limited, characterised by intermittent hotspots along an inactive
edge, to aggressive, where a running fire edge with spotting and control line breaches may occur.
Excerpts from a single wildfire (Timbarra) exemplify this range, Table 3.4.
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Table 3.4 Illustrative excerpts of the range of offensive suppression tasks and fire behavior
Activity

Excerpt from SitRep or IAP

Source Fire

Retard Fire
Behavior

“Significant air-attack support is available today to prevent the fire
developing head (DELWP 2013e p. 2) (p. 2).”

Kentbruck

Contain Spot
Fires

“The 3 smaller spot overs on the on the eastern side are contained
using Dozer, hand crews and water bombing (DELWP 2014s p. 1)
(p. 1).”

Timbarra

Mop Up &
Control
Lines

“Crews to continue to black out hotspots in forest and running
edge in the grass lands, Plant being used to cut breaks in grasslands
(DELWP 2014z p. 2) (p. 2).”

Morwell

Contingency
Lines

“Prepare fallback lines as identified on operations overview map.
Pheasent Creek Tk - Commins D6 (Swifts Ck) working days
brushing up from Buenba Rd. Dart Tk - Potocnik D6 and McInnes
Exc & float (DELWP 2014g p. 9) (p. 9).”

Corryong

Burning

“Burning off along Mt Difficult Rd has reached Mt Victory Rd (8km
ignited). Burning out has also commenced along the Mt Zero Rd,
north of Heatherlie (0.5km ignited). Burning out will continue
throughout today and tonight (DELWP 2014f p. 2) (p. 2).”

Grampians

ID & Clear
Hazard Trees

“Excavator to work on hazerdous trees on Donavan Creek Sector
Priority 1: EV685449 to EV689443 Priority 2: EV687438 to EV697433
(DELWP 2014g p. 9) (p. 9).”

Corryong

Prepare to
Defend
Structures

“To patrol area and undertake asset protection when required
across the Drik Drik Division and Dartmoor area. Intelligence
gathering and familiarisation of assets and access in area between
Wanwin Rd and Munbannar - Wanwin Rd. (DELWP 2013f p. 9) (p.
9).”

Kentbruck

Fire Behavior

Excerpt from SitRep or IAP

Source Fire

Limited

“Fire Activity quiet over all sectors Very quiet over northern parts
due to rain (DELWP 2014r pp. 1–2) (pp. 1-2).”

Timbarra

Moderate

“Crew walked into fire, active edge on fire - burning in rocky
terrain in areas with no rocks flame heights are approximately 1mt
(DELWP 2014aa p. 2) (p. 2).”

Timbarra

Aggressive

“The 3 smaller spot overs on the on the eastern side are contained
using Dozer, hand crews and water bombing. The larger breakout
on the eastern side is still not contained. Fire on the western side
continued to run today towards 2013 fuel reduction burn. Was
slowed by aerial retardant drops (DELWP 2014s p. 1) (p. 1).”

Timbarra

3.3.2.3 Stage 3 – Containment Achieved
The key characteristic of the containment stage was fully established control lines along the
wildfire perimeter for the full length of the sector or division. Unless there was a later breach, this
was the final wildfire perimeter. The assignment of this stage centred on either explicit references
of progress and completion, Table 3.5, or inference when there was no further resource tasking
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that related to the establishment of control lines. For the six wildfires with significant burning
operations (Corryong, Grampians, Kentbruck, Powelltown, Stonyford, and Timbarra),
containment was achieved once the perimeter adjacent to the control line was burnt-in. A
distinction was made between perimeter burning operations, where ground crews were used to
establish a perimeter burn along the control line, and interior burning operations that used aerial
ignition techniques. A variety of suppression tasks continued during the containment stage
including: establishing contingency control lines, hazard tree abatement, mop-up, and patrol. If
critical recovery efforts were required, fireline personnel were used to facilitate access to
infrastructure for non-fireline personnel. Fire behavior in stage three was most commonly
reported as ‘quiet’, although there were also escalations that included ‘minor flare-ups’ inside the
control lines and isolated spotfires; these escalations were managed by ground and aerial
suppression resources.
Table 3.5 Illustrative excerpts of the completion status of control line and burning operations.
Activity

Excerpt from SitRep or IAP

Source Fire

Control Line
Progress

“2 sections of approx 1km each are untracked in forested areas. 2nd
Dozer Is on-route to assist with this (DELWP 2014w p. 2) (p. 2).”

Morwell

“Control lines established today with dozer in Boweya Forest Block
and Orchard Tk sections and held throughout day (DELWP 2014ac
p. 2) (p. 2).”

Lake Rowan

“Kings Creek Tk Sector back burn has continued and progressed
well overnight. 250m of edge remains to the Gibbo River (Benambra
Corryong Rd) at 0545 this may be completed by shift changeover
(DELWP 2014l p. 2) (p. 2).”

Corryong

“Crews have started to burn the last 150mt of unburnt edge, reports
from yesterdays burn are that it has gone in approx 200mts
(DELWP 2014t p. 1) (p. 1).”

Timbarra

Control Line
vs Burning
Operations

“Dozer line complete on Southern sector between Scoullers Road
and Ansons Road at 22:30. Fire is completely tracked. […] Burning
out commenced between dozer line and fire edge near Scoullers
Road (DELWP 2014u p. 2) (p. 2).”

Stonyford

Interior vs.
Perimeter
Burning

“Strengthening of edges has been successful during the day.
Combination of ADT and hand lighting has increased depth to
100m plus in most sectors within the Cobboboonee Division.
Burning out within fire area will continue for several days (DELWP
2013i p. 2) (p. 2).”

Kentbruck

Burning
Progress

Control lines did not guarantee containment. Spotting occurred on all ten wildfires after control
lines were established and half had sizable control lines breaches. Control lines on one wildfire
(Kentbruck) were breached by the burning operations that had been used to establish the
perimeter. Two wildfires (Hallston & Morwell) had breaches occur during the burn period that
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followed the initial control line establishment, whereas the breaches on two other wildfires
(Powelltown & Timbarra) occurred several days after.
3.3.2.4 Stage 4 – Mop-up
In stage four there was no longer a need to establish perimeter control lines and the absence of
this task defined the beginning of this stage. Throughout the stage, the central focus was full
perimeter mop-up to a depth of 30 meters, or greater if extreme conditions were forecast, Table
3.6. Burning operations in stage four were limited to burning-out interior patches. The largest
area burnt by these interior burning operations was ~3000 hectares (Kentbruck), followed by two
~1000 hectare burns (Grampians). Ongoing hazard tree abatement and contingency line
construction efforts were completed. Recovery efforts escalated from facilitating access, as in
stage three, to fireline resources engaged in clean-up efforts. The end of stage four was defined
by three tasks: perimeter hotspot numbers were reduced to the point that thermal imaging, such as
forward-looking infrared (FLIR) cameras were used to identify individual hotspots; wildfire
rehabilitation requirements were assessed and had begun to be implemented; and there was a shift
towards the use of local crews.
Table 3.6 Illustrative excerpts of suppression activities during the mop up stage.
Activity

Excerpt from SitRep or IAP

Source Fire

Mop-up
Depth

“Patrol and blackout to a good 30m depth on all control lines
(DELWP 2014n p. 3) (p. 3).”

Powelltown

“Patrol and black to a depth of 60 m. ( Forcast extreme conditions
next tuesday) (DELWP 2014k p. 8) (p. 8).”

Grampians

Burning

“Burn out unburnt fuel north of Hurdle Flat Rd between Glenelg
National Park and the Kentbruck forest to ensure no break out to
the south when fire comes under the influence of northerly winds
on Thursday or Friday (DELWP 2013h p. 5) (p. 5).”

Kentbruck

Rehabilitation

“Prepare and implement rehabilitation plans for all Sectors
(DELWP 2014o p. 6) (p. 6).”

Mickleham

Clean Up

“[R]emove debris from private property (north of Forresters Rd)
(DELWP 2013c p. 5) (p. 5).”

Hallston

Hazard Trees

“Excavator on line to assist in tree removal to allow roads to be
opened (DELWP 2014ab p. 2) (p. 2).”

Morwell

“A limitation in the number of skilled tree assessors and fallers is
slowing the opening of some roads (DELWP 2014h p. 2) (p. 2).”

Grampians

“Crew attended to one flare up this morning and was able to
contain internal fire spread. FLIR is arranged for this morning to
identify any additional hotspots (DELWP 2014p p. 2) (p. 2).”

Mickleham

Limited
Hotspots
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3.3.2.5 Stage 5 – Patrol and Rehabilitation
Mop up in the patrol and rehabilitation stage was limited to isolated hotspots that were missed in
stage four, Table 3.7. The isolated hotspots were identified by thermal imaging, either a hand
held thermal imaging camera (TIC) or helicopter mounted FLIR, and maps or coordinates of the
hotspots were provided to crews that were tasked to patrol the fire perimeter. Incident
management transitioned from IMTs to local suppression crews and the SitReps and IAP
information during this stage was succinct; the control strategy was often recorded as ‘patrol and
mop-up where required’ or even just ‘patrol’. Other than patrol and mop up, a key identifier in
this stage was the primacy of the recovery and rehabilitation efforts. Fire behavior in the patrol
and rehabilitation stage was usually limited to the isolated hotspots. In addition, there was the
occasional specific location or area of concern identified that required additional suppression
efforts. On occasions when conditions worsened considerably, active fire behavior occurred in
unburnt areas within the control lines, but this fire activity did not present challenges to control,
Table 3.7.
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Table 3.7 Illustrative excerpts of suppression and fire behavior in the patrol stage
Activity

Excerpt from SitRep or IAP

Source Fire

Patrol

“Only a minor number of hotspots found well within containment
lines. All edges secured. CONTROL STRATEGY Patrol (DELWP
2014ad p. 2) (p. 2).”

Lake
Rowan

FLIR Identified
Hotspots

“FLIR run undertaken yesterday. Crews deployed to black out hot
spots. FLIR run arranged for Monday. Air recon this morning
over the fire picked up only a few smokers (DELWP 2014q p. 2)
(p. 2).”

Morwell

Rehabilitation

“Old fence line clearing almost complete. 50% of fencing repairs
complete. 10% of fencing replacement complete. Rehabilitation of
control lines underway (DELWP 2013g p. 2) (p. 2).”

Hallston

Demobilisation

“Significant progress has been made in the last few days. The
complete perimeter of the fire is secured, no breakaway is
expected. Formal transfer of control to CFA District 6 will take
place at 1900hrs. IMT will stand dow at 1930hrs after debrief
(DELWP 2014y p. 2) (p. 2).”

Stonyford

Fire Behavior

Excerpt from SitRep or IAP

Source Fire

Characteristic
Fire Behavior

“Mild, stable conditions continue today. No active fire reported,
some hotspots still visible (DELWP 2013d p. 2) (p. 2).”

Hallston

Specific Area of
Concern

“At 0354 hours a hotspot was discovered at Grid Reference 288177 in
the East Sector which has been identified as requiring suppression
efforts from a Tanker during the oncoming dayshift (DELWP 2014m
p. 2) (p. 2).”

Grampians

Internal Fire
Behavior

“Strong westerly winds (50-65km/h) are reigniting hot spots within
the fire perimeter. Continue black out and patrolling of eastern flanks
of the fire. Some running edge within fire perimeter, bunring
unburnt fuel well within fire boundary (DELWP 2014ae pp. 1–2)
(pp. 1-2).”

Lake Rowan

3.3.3 Resource Use by Sector and Stage
The sector level assessment by stage results in a drastically different picture of resource use than
what is assumed by the current conceptual model of suppression, illustrated by SSMs. This model
of suppression and the related productivity research assumes that the focus of resource use is
establishing control/contingency lines, which relates to only 2 of the 12 tasks we identified in
stage 2 and 3. Currently there are no measures of resource requirements or estimates of
productivity for the other 10 tasks in these 2 stages, nor any tasks from stages 1, 4, and 5. We
quantify this shortfall with the daily sector level assessment of stages, which we illustrate with a
graph using the number of daily ground crew as a proxy for resource use on a single wildfire,
Figure 3.2 (graphs of all ten wildfires are in Appendix C - Chapter 8.3 in this thesis). Other than
command staff, equipment operators and pilots, the ground crew figure includes all fireline
personnel. Only 45% of resource use falls in stage 2 and 3 (43% for all 10 wildfires). The
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magnitude of this shortfall is masked by a whole-fire containment status which boosts
‘containment’ resource use to 71%, which is the percentage of resources used until the wildfire
was contained (equivalent to stage 3) at the end of the 7th day. The current data-set does not
permit the attribution of resource use at the individual task level, however, with the sector level
stage assessment we estimate that at least 57% of resource use on our sample of 10 large
wildfires falls outside of current suppression modelling and productivity research. Sectors of
large wildfires commonly differ on the stage of suppression attained on any given day. The sector
based assessment of fire status along with an explicit knowledge of stage based suppression tasks
gives a comprehensive insight into the complexity of large-fire suppression. Such an
understanding should be the starting point for resource planning, productivity estimates, and fire
suppression modelling.

Ground Crew by Stage - Kentbruck Fire
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Figure 3.2 Ground crew, classified in sectors by stage are used as a proxy for fire resource use.
Existing resource measures apply to a limited number of tasks occurring in stage 2 and 3 (a
maximum of 45% of resource use).

3.4 Discussion
Through this work we have established that suppression can be thought of as a multi-stage
process involving a variety of activities and tasks, which contrasts the existing suppression
literature and SSMs that represent suppression as a continuous process of establishing a control
line around a growing fire. Reframing suppression and expanding the list of critical tasks is a first
step towards determining the effectiveness of suppression on large wildfires. In doing this we
have elucidated the complexity of stages and tasks that constitute large-fire suppression, Figure
3.1.
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Many fire management agencies use a variation of these suppression stages to classify wildfires
which begs the question, why develop new stage definitions? The different agency classifications
are generally understood within each agency through practice and experience, but this implicit,
tacit understanding does not extend to other forums. The five stages are explicit categories that
focus on resource use and suppression impact and are readily understandable to a wider audience.
Each stage evokes a set of associated fire behaviour, suppression activities and tasks that assists
in identifying the potential resources needs. Like the fuels, topography, and weather (Finney et al.
2009) of large wildfires, suppression is also heterogeneous. The stages are more useful as a tool
when we examine suppression at a sector level, rather than the whole fire. This shift away from a
blanket status allows for greater refinement of the resource needs and illustrates the gaps between
the suppression literature and SSMs and fireline operations. The sector level evaluation is less
ambiguous and can be used to redefine the risk of rekindling to a more precise geographic
location which could combat the overly conservative assessment of the suppression status that
was found by Katuwal et al. (2017).
Wildfires are rapidly evolving events and the operational data generated during these events was
not recorded for the purpose of research, therefore some level of inaccuracy is to be expected.
Judgement, repeated examination and cross referencing of information was required to piece
together a chain of events for each wildfire and resolve discrepancies, examples of inaccuracies
included:
1. Erroneously repeated information – information from SitReps was copied forward to the next
SitRep; While one or more key pieces of information was updated, the repeated information
may no longer be relevant or be contradicted by the updated information.
2. Delayed recording – updates in the SitReps were not always a full update of the whole fire.
There was often a lag in record keeping, for example a linescan with an accurate size and
location of the fire may occur in the morning, but the size may not have been updated in the
records until much later in the day.
3. Planned vs. actual events – records include the plans for a day or a shift that may not have
actually occurred.
4. The records were rife with spelling errors, name changes, local geographic references,
abbreviations, shifting geographic boundaries, and jargon.
5. Resource numbers and locations were not always recorded accurately – tabulated numbers
may be contradicted by written descriptions, appliances (trucks, etc.) may be listed without
the crew numbers to staff them or resource numbers carried forward on records when
resources were no longer present.
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6. Multiple wildfires may have been managed by the same IMT and records for one fire may
include information for multiple events.
The reconstructions were a lengthy and time consuming process due to the data issues mentioned
above. The ten wildfires considered were all in Victoria, Australia. The applicability of these
findings for other areas is unknown and requires further study. Although given the consultation
with both in and out-of-state experts, international deployment of wildland firefighters and
resources, and the international wildfire experience of the lead author, it is reasonable to assume
that similar activities occur on large wildfires elsewhere.
A caveat to this work is that it generates discrete ridged definitions (the stages and tasks) from a
fluid process (suppression). Firefighting and operational data does not always fit with discrete
sampling and there were some instances when tasks fell outside of the designated stages. Some
examples are a short period of defensive suppression on the Corryong wildfire that was not
representative of the whole 24 hour burn period, or that the final sections of the control lines on
the Hallston wildfire completed during the Patrol stage, as the fire-ground received a large
amount of rain and control line construction had to be revisited after the ground dried out enough
to permit access. Finally, there was limited descriptive information about the suppression
operations when suppression progressed to the Mop Up and Patrol and Rehabilitation stages and
the transition from the end of the Mop Up stage to the start of the Patrol stage was a matter of
degree.
There are a number of implications to this work. Production rates for suppression resources that
have been developed by field observations (Broyles 2011) or post-hoc whole fire economic
analysis (Holmes and Calkin 2013; Katuwal et al. 2016, 2017). These production rates feed into
the SSMs. The majority of the activities and tasks that we identify in Figure 3.1 lack both
production rates and incorporation in SSMs. However, SSMs are being used to determine the
adequacy resources on individual fires and for agencies as a whole (Martell et al. 1984;
McCarthy et al. 2012). There are three problems with this:
1. Extending production rates derived from field observations (Broyles 2011) of one of the 20
tasks that we identified as a proxy for resource needs would lead to chronic under-resourcing
because resources are required to carry out a much broader range of tasks. This is supported
by the findings of Haven et al. (Haven et al. 1982) that observed production rates are overly
optimistic.
2. Using production rates from post-hoc whole fire assessments (Holmes and Calkin 2013;
Katuwal et al. 2016, 2017) may lead to over-resourcing because the production rates include
the completion of unaccounted tasks, (e.g. Katuwal et al. (2016) where ground crews had an
anomalous negative result).
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3. Resourcing for a fraction of the required tasks may result in the wrong bundle (type and
amount) of resources because we do not understand how the resources are being used.
Of all the activities and tasks that we identified, the size and scope of the burning operations has
the greatest significance for future suppression research. Recent technical literature on burning
operations is limited to a small number of numerical simulations of suppression burning
(Roxburgh and Rein 2008; Morvan et al. 2009, 2013). The experimental work of Wilson (Wilson
1988), that derived an equation for the width of a firebreak required to stop a grassfire, noted that
in practice burning operations would be important, but they were not included in the experiment.
Burning operations occurred on six of the ten wildfires (Corryong, Grampians, Kentbruck,
Powelltown, Stonyford, and Timbarra) and some were of substantial size; the largest was an
estimated 3000 hectares on the Kentbruck wildfire, followed by two areas of approximately 1000
hectares on one sector of the Grampians wildfire. These burning operations generally made use of
the existing road network and without examining this suppression task one might assume that it
was the roads, rather than the suppression resources that stopped the fire as in Narayanaraj and
Winberly (2011). Burning operations that result in significant fire spread have the potential to
distort post-hoc analyses of fire behaviour and its determinants, if unaccounted for. Currently this
potential distortion is largely unquantified. Burning operations are not always revealed by the
final fire perimeter or remote imagery (satellite/aerial photos). Operational data should be
consulted to ensure appropriate differentiation between unplanned and planned sources of fire
spread.
Technologies have improved and geographic resource tracking has expanded beyond aviation
resources. This may provide new methods for determining resource productivity. Operational
data coupled with these improvements will be needed to tie productivity and resource
requirements to the tasks that we identified. As we come to better understand how resources are
being used on large wildfires we will be better able to model suppression and improve our
measures of effectiveness.

3.5 Conclusions
Using document analysis for a sample of ten major fires, we framed large wildfire suppression as
an ordinal progression through a series of five discrete stages as opposed to the initial attack
concept of suppression as a process of continuous control line construction as depicted by SSMs.
The stages are:
1. Defensive: The fire behaviour is beyond the control capacity of the suppression resources.
The focus is firefighter safety, asset protection, and slowing the fire.
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2. Offensive: The suppression resources are making ‘gains’ on the fire. Plans are emerging and
being executed. The largest range in fire behaviour and suppression actions occurs in this
stage.
3. Containment: A control line has been established along the entirety of the sector or division
and subsequent mop-up activities are expected to hold the fire at this perimeter.
4. Mop Up: While mop-up activities occur to some degree in stages 2-5, complete mop-up of
some depth (typically a 30 meter perimeter) is the focus of this stage.
5. Patrol and Rehabilitation: The fire is still smouldering in the interior or in isolated hotspots
on the perimeter. Perimeter mop-up is almost complete and resources can be freed up for
rehabilitation or demobilisation.
A whole-fire assessment of containment distorts resource use as sectors of large wildfires
commonly differ on the stage of suppression attained on any given day. Within the stages we
identified 20 explicit suppression tasks; there are no guidelines to mandate the allocation of
resources or productivity measures of 18 of the 20 tasks that we identified. The full suite of
suppression tasks should be considered whenever a fire suppression model is constructed and
used to explore the effectiveness of suppression and related research questions.
Author Contributions: Conceptualization, Heather Simpson, Ross Bradstock and Owen Price;
Data curation, Heather Simpson; Formal analysis, Heather Simpson; Funding acquisition,
Heather Simpson, Ross Bradstock and Owen Price; Investigation, Heather Simpson;
Methodology, Heather Simpson, Ross Bradstock and Owen Price; Project administration,
Heather Simpson, Ross Bradstock and Owen Price; Resources, Ross Bradstock; Supervision,
Ross Bradstock and Owen Price; Validation, Heather Simpson; Visualization, Heather Simpson;
Writing – original draft, Heather Simpson, Ross Bradstock and Owen Price; Writing – review &
editing, Heather Simpson, Ross Bradstock and Owen Price
Funding: This research has been conducted with the support of the Bushfire Natural Hazards
CRC Scholarship. Funding was provided by the Department of Environment, Land, Water and
Planning, Victoria as part of the “Estimation of the social, economic and environmental costs and
benefits of bushfire preparedness and response operations in the 2013/2014 fire season (Schedule
20)” project.
Acknowledgments: The authors would like to thank: Bronwyn Horsey (University of
Wollongong) for assistance with the coding of wildfires; Staff from the NSW RFS and DELWP
for their clarification of Australian suppression practices and confirmation of wildfire
reconstructions. DELWP for providing access to data.

42

Conflicts of Interest: The authors declare no conflict of interest.

43
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Abstract
Fire management agencies around the world use suppression firing for fire control. Yet, we know
little about the extent of its use (e.g., prevalence and spatial coverage) and its impact on
containment. We examine the prevalence and practice of suppression firing in Victoria, Australia.
We used operational data from five years (2010–2015) to identify and map the incidence of
suppression firing on 74 large fires (500+ ha). Suppression firing occurred on half (34) of these
fires, 26 of which had data to map firing locations. The area burnt by suppression firing ranged
from <1 ha to ~20,000 ha on separate fires. Archetypal suppression firing occurred during
intervals of low fire spread and resulted in modest fire behaviour. Ground crews generally
conducted the perimeter suppression firing. Aerial ignition was more common on large internal
firing operations. For the 26 fires where we mapped the firing locations, firing occurred along
77% of the perimeter-aligned road. Suppression firing was a prominent containment tool used
along one-fifth of the total external perimeter of these 74 large fires. Quantification of this
practice is a first step towards establishing ignition thresholds, production rates, and integration
with containment probability models.
Keywords: backburn; backfire; burnout; bushfire; counter-fire; firefighting; landscape fire; suppression fire; wildfire

4.1 Introduction
Suppression firing that ‘uses fire to fight fire’ is a widespread practice by fire management
agencies (Vega et al. 2012). Despite widespread use, a systematic evaluation of the practice and
its prevalence is lacking (Montiel et al. 2010; Ingalsbee 2015). During the devastating 2019/20
Australian Black Summer, a number of suppression fires resulted in substantial damages when
they escaped their intended burn area. In response, the Final Report of the 2020 NSW Bushfire
Inquiry calls for research into this firefighting practice (Owens and O’Kane 2020). To this end,
we conduct a formal examination of suppression firing in Victoria, Australia to describe the
practice of suppression firing and ascertain the prevalence of its use over a five-year period
(2010–2015). We limit our study to large fires (>500 ha, comparable with other studies (Gill and
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Allan 2008; Tedim et al. 2018)) to ensure adequate data, as the amount of available information
increases with fire size (Filkov et al. 2018). Additionally, the small fraction (1–2%) of fires that
become large (Strauss et al. 1989; Stocks et al. 2002) cause the majority of losses (Strauss et al.
1989; San-Miguel-Ayanz et al. 2013). We focus on the following questions: (1) What proportion
of large fires have suppression firing, and does that vary by fuel type? (2) How much of the fire is
contained with suppression firing? (3) What extent of the fire burn area is attributable to
suppression firing? Finally, we describe the practice of suppression firing in this jurisdiction
(Sandelowski 2000).
4.1.1 Terminology
We define suppression firing (Table 4.1) as the intentional application of fire for containment or
control purposes during an unplanned fire event (e.g., wildfire or bushfire). In Australia,
suppression firing encompasses two subsidiary terms: backburn and burnout. The Australian
definitions (‘Australian Institute for Disaster Resilience Glossary’) of these terms do not
reference a rate of fire spread or a change to the convective column. Thus, we borrow from
Cooper (1969) and define a third subsidiary term, counter-fire. A counter-fire is a suppression fire
that (1) occurs in the path or near the projected path of a rapidly spreading fire and (2) results in a
purposeful interaction to draw the counter-fire into the primary fire or (3) causes a significant
interaction that changes the primary fires’ spread direction. We use suppression firing as an
overarching term to encompass all firing operations as subsidiary terms (e.g., backburns,
burnouts, and counter-fires) are routinely confused (Ingalsbee 2010).
Table 4.1 Suppression firing definitions.
Term

Definition

Suppression Firing

1

The intentional application of fire for containment or control purposes during an unplanned
fire event. Suppression firing is used as an overarching term to encompass all firing operations
(e.g., backburns, burnouts, and counter-fires).

Backburn 2

“A fire started intentionally from a prepared line or other barrier to burn an area of flammable
material in the path of an advancing fire in order to control that fire.”

Burnout 2

“A fire set to consume islands of unburnt fuel inside the fire perimeter and between the fire
edge and fireline.”

Counter-fire 1

Suppression fire that:
(a) occurs in the path, or near the projected path of a rapidly spreading fire, and;
(b) results in a purposeful interaction to draw the counter-fire into the primary fire, or;
(c) causes a significant interaction that changes the primary fire’s direction of spread.

1

Aligned with (Cooper 1969). 2 (‘Australian Institute for Disaster Resilience Glossary’).
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Suppression firing is defined by similar yet inconsistent terminology across different fire
management jurisdictions (Goldammer and Ronde 2004; Montiel et al. 2010; Canadian Wildland
Fire Management Glossary 2017; ‘Australian Institute for Disaster Resilience Glossary’; National
Wildfire Coordinating Group). A clear grasp of definition equivalence is essential for
generalizability and fire management as international resource sharing has become more common
(Tsang et al. 2013). Unfortunately, these definitions are rife with ambiguity which is exemplified
by differences in Australian and USA terminology (Table 4.2). The term suppression firing is not
commonly used in Australia, and a backburn is thought to be equivalent to the USA’s backfire
(Rural and Land Management Group 2012; Plucinski 2019b). However, the Australian backburn
definition does not reference a fire spread rate or a change to the convective column, thus it is
more aligned with the US National Wildfire Coordinating Group (NWCG) definition for burning
out. Yet, equivalency with NWCG burning out is confusing, as the term burn out is used in
Australia to describe the firing of unburnt islands of fuel. Furthermore, the NWCG uses
suppression firing as an encompassing term to which backfire is indirectly linked through the
subsidiary term counter fire. This ambiguity also exists over time. For example, Cooper (1969)
provides a historical definition of suppression firing comparable to the current NWCG definition.
Part of Cooper’s (1969) definition is still used verbatim by the NWCG. Yet, Cooper’s (1969)
sub-classifications (counter firing, burning out, and mop-up burning) are different from the types
of suppression firing (burning out, counter firing, and strip firing) listed by the NWCG. The
NWCG definition of backfiring is also different from Cooper (1969). Cooper (1969) denoted
backfiring as a slow ignition technique of limited use for a fast-moving fire. The Cooper (1969)
counter firing definition is akin to the current NWCG backfiring definition.
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Table 4.2 Examples of the variation in suppression firing definitions: Australia and the USA.
Source

Term

Backburn
Australia
(‘Australian
Institute for
Disaster
Resilience
Glossary’)

Back burn

Burn out

USA

2. “A counterfire commenced from within continuous fuel for the purpose of fighting
a fire (New Zealand).”
“A fire started intentionally from a prepared line or other barrier to burn an area of
flammable material in the path of an advancing fire in order to control that fire.”
“1. A fire set to consume islands of unburnt fuel inside the fire perimeter and between
the fire edge and fireline (Australia).
2. A counterfire commenced from a natural or previously constructed firebreak for
the purpose of fighting a fire (New Zealand).”

Suppression
firing

“The intentional application of fire to speed or strengthen control action on freeburning fires. Types of suppression firing include burning out, counter firing, and
strip burning.”

Burning out

“Setting fire inside a control line to consume fuel between the edge of the fire and the
control line.”

Counter fire

(National
Strip burning
Wildfire
Coordinating
Group)
Strip firing
(current)

USA

Definition
“1. A fire started intentionally along the inner edge of a fireline during indirect attack
operations to consume fuel in the path of a bushfire (Australia).”

“(1) Fire set between main fire and backfire to hasten spread of backfire.
(2) Emergency firing to stop, delay, or split a fire front, or to steer a fire.”
“Burning by means of strip firing.”
“Setting fire to more than one strip of fuel and providing for the strips to burn
together. Frequently done in burning out against a wind where inner strips are fired
first to create drafts which pull flames and sparks away from the control line.”

Backfire

“A fire set along the inner edge of a fireline to consume the fuel in the path of a fire or
change the direction of force of the fire’s convection column.”

Backfiring

“A tactic associated with indirect attack, intentionally setting fire to fuels inside the
control line to slow, knock down, or contain a rapidly spreading fire. Backfiring
provides a wide defense perimeter and may be further employed to change the force
of the convection column.”

Suppression
firing

“The intentional application of fire to speed or strengthen control action on freeburning fires, suppression firing includes the following classifications: (1) counter
firing, (2) burning out, (3) mopup burning.”

Counter firing

“Emergency firing in or near the projected path of a steady, high-intensity fire for the
purpose of splitting or delaying the fire front, or to steer the fire in a desired
direction.”

Burning out

“The use of fire to widen control lines and to remove islands or wide strips of
unburned fuel within control lines.”

Mop-up burning

“The use of fire during the final stages of control efforts to remove islands of
unburned fuel or extend the ‘black line’ of control.”

(Cooper 1969
p. 1)
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4.1.2 Issues with the Practice
The practice of suppression firing is not without risk; firefighters are adding fire to the landscape
and that fire could spread beyond the intended burn area. In an unsuccessful USA lawsuit,
plaintiffs claimed that suppression fires caused their property damage, not wildfire (Malloy
2006). A property owner affected by the Butte Complex Fires in the USA made the same claim
(Kumagai et al. 2004). Firefighters from both events acknowledged that they had carried out
suppression firing operations and maintained that the damage was unrelated (Kumagai et al.
2004; Malloy 2006). The Butte Complex firefighters said their firing operations were “in
completely different locations and on different dates than those of the fires that damaged the
respondent’s property (Kumagai et al. 2004 p. 119).” In such cases, the public perception of
damage may stem from the lack of systematic tracking of suppression firing locations. In the
USA, the cumulative size and severity of suppression firing operations is currently unknown
(Ingalsbee 2015).
Practitioners face real or perceived legal risks. In the USA, “Incident Management Team (IMT)
members believe they are not only putting their jobs in jeopardy but risking personal financial
and potential criminal liability if the [wild]fire causes private property loss, personal injuries, or
fatalities (Canton-Thompson et al. 2008 p. 418)”. Yet, Bradshaw (2012) contends that wildland
fire managers in the USA have distorted incentives to overuse backfires to protect structures at
the cost of ecological and timberland values. Bradshaw (2012) makes two incompatible
assertions: (1) that backfires “are the lowest cost alternative among the array of wild fire
suppression tools (2012 p. 160),” and (2) that there is “virtually no ex post analysis of the wisdom
and cost of different methods of firefighting (2012 p. 156)”. Suppression firing is legal in many
southern European countries (e.g., Spain, Portugal, France, Italy), and there is a long history of
suppression fire use by the rural populations of Europe (Montiel et al. 2010). Yet, the extent of
the practice remains ‘clandestine’ (Montiel et al. 2010) and perceptions of misuse have resulted
in contention and an unsuccessful lawsuit between landowners and firefighters in Spain (Otero
and Nielsen 2017). Not all European countries have legal or technical definitions for suppression
firing and Montiel et al. (2010) found it difficult to distinguish the rural fire use from the practice
of professional fire management agencies.
Backburns in New Zealand have resulted in firefighter entrapments (Rasmussen and Fogarty
1997). Fire management professionals in Australia acknowledge that they may face legal
challenges and questioning by a Coroner if suppression firing operations were to go wrong
(Bearup 2014). In Australia, failed backburns have resulted in significant property damage
(Owens and O’Kane 2020). The 2009 Victorian Bushfires Royal Commission explicitly
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investigated whether unauthorized backburning contributed to property damage and deaths in
Kinglake West and Marysville (Pascoe 2010). Numerous complaints about backburns (e.g., too
much or too little backburning occurred, backburns were un-authorized by landowners, or
unattended after initial ignition) were detailed in the Inquiry into the 2003 Canberra fires (Nairn
2003). More recently, back-burning was investigated as a contributing factor to the house losses
resulting from the 2015 Wye River–Jamieson Track fire (Inspector General for Emergency
Management 2016).

4.2 Materials and Methods
4.2.1 Selected Fires and Data
The Department of Environment, Land, Water and Planning (DELWP) in Victoria recorded
~3100 fires in the state between July 2010 and July 2015. Seventy-four, or 2%, of these fires had
a final burn area over 500 hectares (Figure 4.1). DELWP provided operational data for these 74
fires, which included access to eMap (a live geospatial website used to map incidents) and
FireWeb (a live text-based incident-reporting website that was the primary source of fire
management data). Fire management data included Situation Reports (SitReps), Incident Shift
Plans (also known as Incident Action Plans or IAPs (see (‘Australian Institute for Disaster
Resilience Glossary’) for definition), line scans, operational maps, and archived eMap data
(spatial fire progression and response data that occasionally recorded the location of suppression
firing). DELWP provided further Geographic Information System (GIS) data, including spatial
base layers (roads, watercourses, vegetation, etc.), final fire polygons, and ignition locations. In
addition to the operational data, we accessed daily and hourly weather station data from the
Australian Bureau of Meteorology to reconstruct fire weather conditions. We sourced Moderate
Resolution Imaging Spectroradiometer (MODIS) and Visible Infrared Imaging Radiometer Suite
(VIIRS) hotspot data from the National Aeronautics and Space Administration (NASA) to verify
fire spread.
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Figure 4.1 Point locations of the 74 fires in our study. Point size is indicative of final fire area in
hectares. Point colour is indicative of three categories of suppression firing, fires coloured: (1)
SF-Map (blue) had sufficient data to map the suppression firing, (2) SF-NoGeo (turquoise) had
suppression firing but there was insufficient geographic data to map the extent, and (3) No-SF
(red) had no evidence of suppression firing.
4.2.2 Suppression Firing Reconstruction
In a previous suppression analysis, we identified suppression firing on 6 of a subset of 10 of these
fires (Simpson et al. 2019). We used our previous study as a pilot to establish that (1) suppression
firing could be identified by examining comments in the SitReps and (2) that suppression firing
often occurred along existing roads. SitReps are operational reports on the progress of the fire and
efforts to contain it; they are produced at irregular intervals during fire suppression (Rural and
Land Management Group 2012). There were 2805 SitReps for the 74 fires. We confined our
analysis to the 532 active fire days (days from the first report to the last day of fire growth,
inclusive). To identify suppression firing, a keyword search of SitRep comments was performed
for the following terms associated with suppression firing: parallel attack, indirect attack,
backfire, backburn, burnout, aerial ignition, drip torch, incendiary, ignite, aerial drip torch, ADT,
aerial ignition device, AID, burn, and unburnt. This returned 1242 SitReps, the comments of
which were read to confirm that (1) they described suppression firing and (2) that they included
geographic information that would assist with mapping. Aspects of suppression firing (e.g., Table
4.3) were described in 738 of these SitReps, 571 of which had corresponding geographic
information.
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Table 4.3 Excerpt examples of SitRep comments that describe suppression firing.
Activity

SitRep Excerpt

Fire Name

Preparation

“Machines tasked to brush up control lines to the north and south of fire ahead of
expected backburning operations (DELWP 2014a).”

Powelltown

Status

“Crews continuing to patrol and black out, Several hot spots are showing up around
the area, with the main fire becoming more active—though not threatening lines—
Timbarra
backburn and main fire are yet to converge—they should meet during today
(DELWP 2014b).”

Progress

“Crews have burnt out along the Eustace Gap Tk to the north to keep in front of
active edge. Burning continued to approx. EV667442. South along Eustace Gap Tk
burning extended to EV652411 (DELWP 2014c).”

Corryong

Extent

“Cobboboonee Division Indirect attack involves completion of a backburn along
Inkpot Rd, Heath Rd and South Kentbruck Tk a distance of approximately 20 km
(DELWP 2013a).”

Kentbruck

We assembled daily fire reconstructions for the fires that had identifiable suppression firing in the
SitRep comments. We integrated information from different data sources, which included the
ignition location, final fire footprint, eMap extract data, MODIS and VIIRS hotspots, line scans,
operational maps, spatial base layers (e.g., roads, rivers, vegetation, and topography), comments
and information in the SitReps and IAPs, and weather conditions. We used ArcGIS 10.4.1
[Environmental Systems Research Institute, Redlands, USA] to map the fire progression and the
suppression firing. We completed an abbreviated examination of the fires that did not have
identifiable suppression firing in the SitRep comments. Finally, we verified the occurrence and
practice of suppression firing with Incident Management Team members who had managed seven
of these fires. We used the qualitative description method (Sandelowski 2000) to describe the
practice of suppression firing on these large fires in Victoria.
4.2.3 Quantitative Analysis
We separated the 74 fires into three categories, those with sufficient geographic data to map the
suppression firing (SF-Map), those with suppression firing but insufficient geographic data to
map the extent (SF-NoGeo) and those without detectible suppression firing (No-SF). DELWP
classifies fuel types with broad vegetation categories (see (Gould and Cruz 2012) for further
information on Australian fuel types and structure). We used final-fire-polygons and DELWPs
broad vegetation categories to group the fires into five major fuel types: mallee, grassland, heath,
woodland, and forest. As large fires burn at a landscape scale, fuel type classification was defined
by the fuel that covered the largest proportion of final burn area. We conducted a chi-square test
to test whether there was a difference in suppression firing by fuel type, with the expectation that
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burning would be equally likely in all fuel types.
We performed a series of geoprocessing steps using ArcMap 10.4.1 [Environmental Systems
Research Institute, Redlands, USA] to generate the length of the (1) external perimeter, (2)
perimeter aligned road, (3) suppression firing perimeter, and (4) suppression firing perimeter
aligned road. For external perimeter we erased the internal unburnt areas within the final fire
polygons and transformed polygons to polylines to get the external perimeter length. For
perimeter aligned road we dissolved DELWPs state-wide GIS road base layer to form a
continuous line, then applied a 50-m buffer and intersected the result with the external perimeter.
The intersected result was again dissolved and any road <200 m in length was discarded to drop
roads that only crossed the perimeter. For the suppression firing perimeter, we intersected the
external perimeter with the manually generated suppression firing polygon. For the suppression
firing aligned road we applied a 50-m buffer to the manually generated suppression firing
polygon, then intersected the result with the perimeter-adjacent road. We conducted a t-test to test
whether there is a difference in the percentage of perimeter aligned road between fires with
suppression firing (SF-Map and SF-NoGeo) and no suppression firing (No-SF). We conducted a
Kruskal–Wallis test to determine whether the percentage of perimeter aligned road varies with
fuel type.
As the focus of firefighting operations was containment, operational data pertained more to the
perimeter extent (location and progress on the perimeter) of the firing operations, rather than the
area burnt. The area extent (area burnt by suppression firing exclusively) had to be estimated
from a manual/visual interpretation of maps and line scan images, which was cross-referenced
with the SitRep comments, eMap data, and IAPs. The aim of suppression firing is to alter a fire
through interaction or to consume intermediary fuels between the control line and the fire (Vega
et al. 2012). As a result, suppression firing tends to merge with the fire, which prevents the
precise area affected from being determined. The area extent becomes difficult to define in line
scan images as time elapses and the fires merge (Figure 4.2). These challenges were compounded
by periodic reporting, intermittent data time steps, and variant line scan quality (see (Storey et al.
2020) for further discussion of line scans and their quality). The internal burn area was
interpreted conservatively and only includes suppression firing that could be clearly demarcated.
There was greater certainty in the assessment of the perimeter extent of the suppression firing
versus the area extent.
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Figure 4.2 The process of demarcating the suppression firing. (a) The final fire area (green) is
overlayed with three fire progressions (beige, red, purple). (b) The suppression firing area is
demarcated with black cross-hatching. (c) Hillside shading, roads, and other GIS layers were used
to reconstruct the fire spread. The suppression firing area was identified in a series of line scans
(d, e, and f). Active burning is highlighted by red; recently burnt (still hot) by white; unburnt and
cooled areas by grey with shading that varies with topographic features. (d) A gap is visible
between the suppression fire and the fire, so the suppression firing area can be mapped
accurately. (e) The suppression firing extends to the north as the fires merge in the south; the red
cross-hatched area is suppression firing from the previous scan. (f) The suppression firing extends
northwest; the previous extent is cross-hatched. As the burnt area cools and the fires merge it
becomes increasingly difficult to demarcate the suppression firing. This suppression firing
operation burned a total of ~9000 ha. In the final fire footprint, the suppression firing is
indecipherable from fire as the remaining gap also burned. The area burned by the (1)
suppression firing, (2) wildfire, and (3) combined (sum of suppression and wildfire) is shown in
the graph (bottom right), which is colour-coded with each progression.

4.3 Results
4.3.1 Proportion of Large Fires That Have Suppression Firing in Total and by Fuel Type
We found suppression firing on half (37) of the 74 large fires that occurred in Victoria, between
July 2010 and July 2015. These 37 fires were active for a combined total of 346 days, and
suppression firing was evident on 75% or 261 of the 346 days. The 26 SF-Map fires (sufficient
geographic data to map the suppression firing) were larger on average than the 11 SF-NoGeo
(suppression firing but insufficient geographic data to map the extent). The 37 No-SF fires did
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not have detectible suppression firing (Table 4.4). Suppression firing was more apparent in
denser fuels (Table 4.5). There was a significant difference by fuel type; suppression firing was
more prevalent in forest and less prevalent in mallee, which was supported by the chi-square
result (p < 0.001). Additionally, the suppression firing that we mapped on grassland fires was in
the forested/woodland areas of the fires. There was insufficient geographic data in the SitReps to
map the occurrence of suppression firing on mallee fires; one was described as a 15-ha burnout,
and the other a post-containment burnout of unspecified size.
Table 4.4 Descriptive statistics of fire size by suppression firing category.
Category Count Min (ha) Max (ha) Mean (ha) Median (ha) StdDev (ha) Sum (ha)
SF-Map

26

544

165,811

17,431

2850

36,506

453,208

SF-NoGeo 11

684

5518

2438

1818

1709

26,823

No-SF

37

508

56,544

5190

1210

10,732

192,022

Total

74

508

165,811

9082

1566

23,511

672,053

Table 4.5 Count of fires by fuel type and suppression firing category.
Fuel Type

SF-Map

SF-No-Geo

No-SF

Total

Forest

13

3

1

17

Heath

6

0

1

7

Woodland

4

2

5

11

Grassland

3

4

12

19

Mallee

0

2

18

20

Total

26

11

37

74

4.3.2 Proportion of External Perimeter Contained by Suppression Firing
For the 26 SF-Map fires, suppression firing occurred along 845 km (42%) of the total 1995 km
external fire perimeter length. Thus, suppression firing contained one-fifth (19%) of the total
4400 km external fire perimeter across all 74 fires. The average proportion of external SF-Map
fire perimeter contained by suppression firing was 44% (median 47%, SD 27%, range 1–100%);
see Figure 4.3 for a breakdown of all fires by fuel type and suppression firing category. The
presence of suppression firing had a substantial effect on the proportion of total external fire
perimeter that aligned with roads (within 50 m) compared to other control features such as natural
features or constructed firelines. The mean of the perimeter aligned road for fires with
suppression firing was 34.6%, and for No-SF fires, the mean was 11.7%; these were significantly
different (t = 6.40, p < 0.001). For the SF-Map fires, 39% of the external perimeter was aligned
with roads, and suppression firing occurred along 77% of the road length. For the SF-NoGeo and
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No-SF fires, the percentage of perimeter aligned road was 22% and 14%, respectively.
Proportionally, there is 2.8 times more perimeter-aligned road on SF-Map fires than the No-SF
fires. There was also substantial difference in the percentage of perimeter aligned road by fuel

Forest

type; the Kruskal–Wallis test was significant (chi-square = 28.7, df = 4, p < 0.001).
n=13
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Figure 4.3 Proportional containment: the proportion of external fire perimeter that was contained
by roads, suppression firing (either along the road or not), or other features. As there is a wide
range (1–100%) in the proportion of external fire perimeter contained by suppression firing, we
present two graphs. (a) The top graph is proportioning the total perimeter of all the fires. (b) The
bottom graph is an average of the proportions for each fire. Fires are grouped by dominant fuel
type (forest, heath, woodland, grassland, mallee). SF-Map fires had mapped suppression firing.
SF-NoGeo fires did not have enough geographic data to map the suppression firing that was
indicated in the SitReps. No-SF had no evidence of suppression firing.
4.3.3 Extent of Burn Area Attributable to Suppression Firing
The area burnt by suppression firing ranged from less than one hectare (a 40 × 40 m area on an
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SF-NoGeo fire) to an aggregate total of ~20,000 ha on the largest fire. The extent of suppression
firing, defined as burn area attributable to suppression firing, alone exceeded 500 ha on half (n =
13) of the SF-Map fires; the average of the proportion of burn area attributable to suppression
firing for the SF-Map fires was one-quarter of the final area (mean 0.29, median 0.24, min 0.07,
max 0.94). The largest identifiable suppression firing operation in a combination of both extent
and proportion of final fire area spanned multiple days and burned ~9000 ha of the ~36,000 ha
fire (Figure 4.2). This event exemplifies the magnitude of possible suppression firing and the
challenges in demarcating suppression firing area.
4.3.4 The Practice of Suppression Firing in Victoria, Australia: Backburns and Burnouts
The archetypal backburn in the fires we analyzed entailed the progressive ignition of fuels
(vegetation) adjacent to the control line by ground crews (Figure 4.4). Kilometers (typically <10)
of control line were ignited during a single 24-h burn period. The most common control lines
were existing roads or mechanically constructed fireline (e.g., dozer) that joined segments of
existing roads together. There was limited alignment between the final external perimeter and
rivers (<1%); baring one notable example (~10 km in length along the Snowy River), backburns
that used a river as the control line were uncommon. Initial backburn ignition locations typically
adjoined or anchored the primary fire; as the backburn progressed, an area of unburnt fuel
intervened, spanning hundreds of meters or even several kilometers. When the area of intervening
fuels was narrow, and there were sufficient conditions for the fuel to burn naturally, backburns
soon became indistinguishable from the primary fire. With a wide strip of unburnt intervening
fuel, backburns remained distinct until subsequent burnout operations (Figure 4.5) were
completed, possibly days after the initial ignition. In such cases, the initial backburn spread was
modest, reaching a depth from the control line of tens to hundreds of meters in the first burn
period. At times, burning conditions deteriorated (e.g., there was substantial rain) and the burnout
was never completed, meaning the backburn and the primary fire never joined.
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Figure 4.4 An archetypal backburn. (a) Hillside shading is used to illustrate how the grayscale of
the line scan images varies with topographic features. The line scan images (a,b,d and e) capture
the progress of the backburn. Active burning is highlighted by red, recently burnt (still hot) by
white, unburnt and cooled areas by grayscale. A GIS road layer (black lines) overlays the line
scans. (c) Hillside shading is overlayed with the road layer (black lines). Fire progression
polygons (beige and red) map the extent of the fire that is visible in line scans images (a,b). At
11:26, ~2 km was alight (beige progression); by 13:27, backburning progressed a further ~1.7 km
along the road in a northeasterly direction (red progression). (d) By 23:51, the ignition of this ~9km backburn is complete. Initial fire spread was modest extending a few hundred meters from the
road. (e) The intervening fuels were left to in-fill burn over several days. (f) All four progressions
(color polygons) overlay the hillside shading as well as the roads (black lines) and watercourses
(blue lines). The timing of the line scan images (progression) is indicated with the white text
boxes.
The exclusive use of aerial ignition, independent of ground crews was not a common method of
igniting the backburns in our dataset. A unique example of a backburn with exclusive aerial
occurred on the Goongerah–Deddick Trail fire, the largest fire in the dataset (165,811 ha, 370 km
external perimeter). The ~10-km-long backburn used the Snowy River as the control line, it was
lit exclusively by aerial ignition as there was no safe access for ground crews. Although aerial
ignition was used occasionally to bolster or increase the depth of a perimeter backburn that
ground crews had ignited, the primary use of aerial ignition was larger-scale burnouts, igniting
large islands (hundreds to thousands of hectares) of intervening fuels. Ground crews generally
completed a perimeter backburn before these aerially ignited burnout operations commenced.

57

Figure 4.5 (a) A burnout in-progress is captured in a line scan image that has been overlaid with
GIS layers of the final fire perimeter, roads, and burn areas (see legend). A backburn was
completed along the road to form the final fire perimeter. This ~1000-ha burnout encompasses
the area of unburnt (greyscale) fuel and active fire (red) intervening the backburn and main fire,
east of the brown two-wheel-drive road. (b) The ignition pattern of this burnout followed the
existing road network and terrain features visible with the contour map. The aim was for the
intervening fuel to burnout in a controlled manner with a low intensity backing fire burning
downhill from the ridgelines.
The presence of another nearby fire causes interaction effects that change fire behaviour (Finney
and McAllister 2011), in particular, increased fire intensity occurs at junction zones (Cui and
Qiao 2002; McRae et al. 2005; Morvan et al. 2013). Some suppression firing operations created
unquantified interaction effects between the suppression fire and the primary fire, which could be
problematic. This was exemplified by one SitRep which reported that “the main fire front [was]
only 140 m away from the track at this location and junction zones of the fire front and the backburn [were] causing significant fire behaviour (DELWP 2013b pp. 1–2).” That night, general fire
behaviour was reported as ‘moderate’ and the weather was “cool with high relative humidity and
light winds (DELWP 2013b p. 1).” Yet, suppression firing caused challenging fire behaviour that
exceeded expectations, resulting in lower-than-expected progress as the ignition rate was slowed
to maintain control.
We did not find evidence of any instances of counter-firing where any type of suppression fire
was ignited in the path of a rapidly spreading fire (see (Olsen 1941) for a case study example of
this practice). Suppression fires in our sample were undertaken as containment measures during
intervals of low-fire-growth. Suppression fires that occurred during periods of rapid wildfire
growth (e.g., >5000 ha in 24 h) were on either the rear or flank of the fire, not the head. Neither
were there any reports of the intentional use of suppression firing to change the force of the
convective column or affect the direction of the primary fires’ spread.
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4.4 Discussion
This work provides the first systematic study of the prevalence and practice of suppression firing
on large fires. The results demonstrate that a sizeable proportion of large fires (half), fire
perimeters (one-fifth of total external perimeter), and the burn area (up to 20,000 ha on one fire)
in Victoria are affected by suppression firing. The archetype of the practice coincided with low
fire growth (Figure 4.4). Suppression firing operations made opportunistic usage of existing road
networks, and they were more apparent in denser fuel types. Suppression firing was extensive
enough to be captured by remote sensing (MODIS and VIIRS hotspots). The suppression firing
area-extent ranged from <1 ha to ~20,000 ha and often exceeded the minimum area (120 ha)
required for effective burn area mapping using MODIS data (Giglio et al. 2009). One-sixth (13)
of the 74 fires we studied had suppression firing over 500 ha, the size criterion we use to define a
large fire. Unidentified suppression firing may confound the remote assessment of fires as
multiple sources of operational data were often needed for clear demarcation.
There were inherent quality issues with the operational data that we used as it was generated for
fire management, not research. SitReps provide summary information about the fire as a whole
and are challenging to interpret as they often contain localised jargon, spelling errors, and
typographical errors. SitReps may consist of whole tracts of copied text, barring a novel update
about one aspect of the fire, resulting in erroneously repeated information. Additional suppression
firing could have been overlooked as the production of SitReps, line scans, maps, and GIS
suppression firing location data was irregular in both interval and quality. In confining our
analysis to active fire days, small interior burnout operations may have been missed. Infrequent
line scans make the demarcation of suppression firing difficult; as the burn cools or the
suppression fire merges with the primary fire, it becomes indiscernible. Suppression firing can be
difficult to visually detect, even with prior knowledge of its existence. Data was particularly
limited during initial periods of rapid fire growth, likely because (1) the information was difficult
to quantify during a rapidly changing event, (2) the staff and structure required to record it (e.g.,
IMT) was not present, or (3) the focus was on fire suppression and containment rather than
precise data collection. Data quality issues are limiting factors for further analysis. Future
analysis of suppression firing would be significantly improved (and easier) with improved
progression data and more frequent line scans. SitReps would be more useful if they included a
consistent record of the in-tended burn area, suppression firing start and finish times, ignition
patterns, and an accurate recording of the resources involved. In addition, progress updates need
to occur at frequent, regular intervals and include spatial references, observed fire be-haviour, and
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local measures of weather and fuel moisture.
A limitation to operational data is that absence cannot be taken as evidence that the practice did
not occur, only that it was not recorded. Yet, we contend that suppression firing either (1) did not
occur on the No-SF fires, or (2) it was small-scale in comparison to the SF-Map fires.
Additionally, we contend that this is due to the availability of al-ternate containment options in
lighter fuels (e.g., progressive wetlines with firetrucks in grassland), but the evidence is not
definitive. Had there been extensive suppression firing on the No-SF fires, we would have
expected to see a higher proportion of perimeter-aligned road as the rapid fire growth would
necessitate the use of existing barriers for control lines. However, we found that graders were
used to build control lines on some grass fires, and a tractor/roller combination was used on some
mallee fires. In light fuels (e.g., grass and mallee) these alternate vehicles could construct control
lines at a much faster rate than a dozer. Therefore, it is possible that smaller scale, undetected
suppression firing could have occurred on these fires adjacent to rapidly built control lines.
Another possibility is that wetlines were used as suppression firing control lines, which would
leave no mechanical evidence. We confirmed the absence of suppression firing with Incident
Management Team members from three of the No-SF fires. The No-SF category includes half of
all fires, but only 35% or 186 of the 532 active fire days. These fires were shorter in duration, and
they also had less data; there was a tendency for the grass and mallee fires to initiate with a single
period of rapid fire growth that outstrips the pace of data recording.
We also infer that the suppression firing on the SF-NoGeo fires was not as extensive as the SFMap fires. The SF-NoGeo fires were both smaller on average than the SF-Map fires and the NoSF fires (Table 4.4), and they tended to have less data. However, when extensive suppression
firing occurred on the SF-Map fires, it was evident in the available line scans or maps; also,
SitRep and IAP comments relating to suppression firing were more numerous and/or provided
more detail. Only one of the SF-NoGeo fires had descriptions of both backburns and burnouts in
the comments; the remaining 10 fires only had descriptions of burnouts that occurred within
containment lines and the largest area reference was a 15-ha mallee burnout. For extensive
suppression firing operations to have occurred on the SF-NoGeo fires, a high proportion of these
smaller fires would have had to have been burnt by suppression firing without producing
detectible evidence.
Landscape features including roads, rivers, and a variety of topographic and fuel variables have
been identified as important factors in fire cessation (Jordan et al. 2008; Price and Bradstock
2010; Narayanaraj and Wimberly 2011). In our study, suppression firing was a prominent
containment tool. It was used to contain two-fifths (42% or 845 km) of the external perimeter
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(1995 km) of the 26 SF-Map fires. This is one-fifth (19% or 845 km) of the total external
perimeter (4400 km) of all 74 fires. Roads were routinely used as the control line for suppression
firing operations. The SF-Map fires’ proportion of perimeter aligned road was 2.8 times greater
than the No-SF fires. Suppression firing occurred along 77% of the SF-Map fires’ perimeter
aligned road. To use the words of the firefighters themselves, they are “conducting back burning
and burning out operations to bring [the] fire edge out to [the] road network (DELWP 2014d p.
3).” As suppression firing forms a large proportion of fire perimeter, it can be viewed as an
intervening variable in the degree to which landscape features, especially roads, impact fire
cessation.
To be a successful containment measure, suppression firing must be complete (control lines
established, firing completed and controlled) before the next ‘bad day’, or there is a risk that it
will enlarge rather than contain the fire. Counter-firing was not present in our data, though there
is limited evidence that it occurs in other jurisdictions (e.g., case studies: Manitoba, Canada
(Kuzenko 2000), and the USA, 1941 (Olsen 1941)) The archetypal backburns in our study were
lit by ground crews along several (single digit) kilometers of the perimeter. From this, we infer
that a crude production rate for this suppression practice is at maximum ~10 km per shift. Further
research that examines how suppression firing is affected by variability in fuel, weather and
topographic features, resource type and number, containment line type, ignition device, ignition
type, and ignition patterns is required to establish robust production rates. Research should also
consider the minimum depth (distance from the control line) that is required for successful
outcomes. Production rates need to incorporate post-ignition control and mop-up time, as well as
the ignition rates. These production rates would facilitate feasibility comparisons between
different attack strategies (e.g., direct vs. indirect).
It has been theorized that suppression firing promotes more intense fires, increases total area
burned, produces a more homogeneous burned area, and contributes to soil and water
contamination (Backer et al. 2004). The testing of these theories and other fire ecology effects is
an identifiable research gap, and conclusions on such matters were beyond the scope of this
research. The identification of operational windows for suppression firing (Plucinski 2019b),
production rates, and ignition thresholds are other significant knowledge gaps that require further
study. This study which describes the prevalence, extent, and archetypal practice of suppression
firing in Victoria is a first step in filling these gaps. Further re-search should investigate the use of
suppression firing on smaller fires, during initial attack, and in other jurisdictions.
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5 Quantification of the Contribution of Suppression Firing to Daily
Burn Area Growth, Accounting for Fuel, Weather, Topography
5.1 Introduction
There has been a recent rash of highly destructive wildfires in many areas of the globe, including
Russia (Kron et al. 2019), Western North America (Daniels et al. 2020; Wang et al. 2021),
Europe (Molina-Terrén et al. 2019; Ganteaume et al. 2021), Indonesia (Krasovskii et al. 2018;
Anwar et al. 2018), Southern Africa (Kraaij et al. 2018; Xulu et al. 2021), Brazil (Silgueiro et al.
2021), and Australia (Boer et al. 2020; Dickman 2021). These fires follow decades old
predictions that climate change would exacerbate fire activity (Stocks et al. 1998; Flannigan et al.
2000). Recent research predicts this is a trend of increased fire activity that will continue to
worsen this century (Forzieri et al. 2017; Bowman et al. 2020; Ganteaume et al. 2021) as these
extreme fire events have been linked to anthropogenic climate change (Oldenborgh et al. 2020;
Mansoor et al. 2022).
The costs associated with these wildfires continues to escalate (Milne et al. 2014). For example,
wildfire smoke exposure has increased (Burke et al. 2021). Also, inflation adjusted annual
suppression costs in the US have doubled, by over one billion US dollars since 1985 (National
Interagency Fire Centre 2021). Despite the growth in suppression costs, they are far exceeded by
wildfire damages. For instance, wildfire damage assessments that account for both direct (e.g.,
house loss) and indirect (e.g., smoke or transportation interruptions) costs estimate that the 2018
wildfires in California cost ~$148.5 billion US, which was roughly 1.5% of California’s annual
gross domestic product (Wang et al. 2021) and almost fifty times the 2018 national spending on
suppression (National Interagency Fire Centre 2021).
In Australia, the 2019/20 Black Summer saw an unprecedented increase in smoke-related health
problems (Borchers Arriagada et al. 2020) and it was estimated that over eighty percent of
Australia’s population were affected by dense fire smoke resulting in an estimated 417 deaths
(McManus 2021). Additionally, by July 2020 there was over 2.3 billion AUD in fire insurance
losses (CSIRO 2020). On top of this, it is expected that climate change will reduce access to
existing fire mitigation strategies, such as prescribed burning (Yurkonis et al. 2019; Di Virgilio et
al. 2020). However, climate change may also open previously unavailable burn windows in the
winter (Clarke et al. 2019). Fire management continues to be heavily reliant on suppression
(Fernandes 2008; Oliveira et al. 2021). Under extreme weather conditions, fires already exceed
the current prediction and response capabilities (Molina-Terrén et al. 2019).
As fire costs and damages escalate, it is more important than ever to understand the drivers of fire
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behaviour and fire area growth to improve fire impact predictions and suppression effectiveness.
Conventional studies of the drivers of fire behaviour examine the environmental factors broadly
captured by Countryman’s (1972) fire behaviour triangle, which are fuel, weather, and
topography. For example, fuel research has considered how fire behaviour was effected by
species flammability and biomass (Cardoso et al. 2018), fuel treatment programs (Prichard et al.
2010), and spatial fuel patterns (Parsons et al. 2017). Weather research, such as Page et al. (2018)
has retrospectively examined weather forecast accuracy, defined a new fire weather index (Srock
et al. 2018), and examined the effect that different weather conditions have on creating dangerous
fires (Lahaye et al. 2018). Research that examines fuel and weather together has focused on fuel
moisture (Luo et al. 2019; Ellis et al. 2021), or global measures of fuel and climate conditions
(Pettinari and Chuvieco 2017). There is research examining topography alone, such as Iniguez et
al. (2008) that examined the effect of landscape scale topography on fire history patterns. Yet
topography has been commonly examined in combination with Countryman’s (1972) other two
environmental factors e.g., (Storey et al. 2016). Some studies of these drivers of fire behaviour or
fire area growth examine the relative effects of environmental factors in concert (Bradstock et al.
2010; Meigs et al. 2020). Yet, all these studies fail to examine the direct effect that human
activity, namely suppression, has on the fire while the fire is actively burning.
Some studies that examine the drivers of fire behaviour examine the indirect effects of human
activity. For example, the effect that deforestation (i.e. fuels) had on the anomalous 2019 fires in
Brazil (Silveira et al. 2020). Or how decades of fire suppression have changed the fuels in
western United States (Harris and Taylor 2015). There is also a growing body of work the
examines fire suppression (Plucinski 2019a; b). However, suppression research tends to focus on
activities such as initial attack, aerial suppression, or control line construction that all centre on
fire extinguishment. Firefighters engaged in these activities seek to extinguish the fire by adding
water/suppressants or mechanically removing fuels. Research examining the addition of fire, or
suppression firing, is scarce despite recent evidence that it occurred on half of the large fires in
Victoria, Australia (Simpson et al. 2021). Suppression firing is the intentional application of fire
for containment or control purposes during an unplanned fire event (Simpson et al. 2021).
Suppression firing encompass all firing operations (e.g., backburns, burnouts, and counter-fires).
There are no existing studies of suppression firing as a driver of fire behaviour or fire area
growth.
Previous qualitative research has shown that suppression firing was a significant factor in
containment, with ~20% of the perimeter of 74 large fires in Victoria, Australia contained with
suppression firing (Simpson et al. 2021). It is particularly difficult to accurately quantify the
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suppression firing burn area because there is a paucity of mapping data, and because the
suppression fires generally merge with the main fire. While it may seem like a tautology to
examine fire area growth in fires where there are known suppression firing operations (i.e., if
firefighters lit fire, there should be some fire area growth associated with it), the suppression
firing related area growth is not known. Without understanding the suppression firing related area
growth we cannot evaluate whether it is an effective control measure, how it contributes to fire
behaviour (e.g., whether it exacerbates natural fire behaviour), or determine its ecological
implications. The aim of this work was to 1) test the hypothesis that suppression firing is a
significant driver of fire area growth, 2) to quantify how much suppression firing adds in hectares
to fire area growth, 3) to compare the importance of the suppression firing variable with fire
behaviour triangle variables, and 4) to examine how suppression firing interacts with fire
behaviour triangle variables to influence fire area growth. Fuel, weather, and topography are
undoubtedly important factors in fire area growth, and since suppression firing is the variable of
interest, we use metrics of these fire behaviour triangle variables to account for their effect. This
analysis uses text and Geographic Information System (GIS) data from the Victorian Department
of Environment, Land, Water and Planning (DELWP) operational reporting system to identify
suppression firing. Suppression firing was expressed as a Boolean variable (true/false for
occurrence). A Generalized Additive Model (GAM) was used to examine fire area growth as a
function of suppression firing, fuel, weather, and topography, specifically the mgcv::gam (Wood
2017) package in the R programming language (R Core Team 2020).

5.2 Methods
Large fires, those in the top 1-2 percentile of burn area, were the focus of this study because they
cause the majority of the damages (Strauss et al. 1989; San-Miguel-Ayanz et al. 2013) and the
amount of information available increases with fire size (Filkov et al. 2018). DELWP recorded
~3,100 fires in the State of Victoria from July 2010 to July 2015, seventy-four of which were
large fires. The classification of ‘large’ was based on the burn area being greater than 500 ha,
which is comparable with other studies, e.g., (Gill and Allan 2008; Tedim et al. 2018). Twentyseven of these 74 large fires were selected for this study because they had confirmed suppression
firing. Previous research had identified the occurrence of suppression firing on these fires and
mapped the location of the suppression firing on the final fire perimeter (Simpson et al. 2021).
Thirty-four of the 74 fires had been discarded because there was no evidence to suggest
suppression firing had occurred on them. A further seven fires were discarded because the
evidence for suppression firing occurrence was limited (e.g., only a brief mention of suppression
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firing and/or no geographical information).
5.2.1 Data Sources
Operational data was used to determine whether suppression firing occurred, and to generate the
spatially relevant independent and control variables. DELWP provided the operational data,
which included access to eMap (a live geospatial website used to map incidents) and FireWeb (a
live text-based incident-reporting website that was the primary source of fire management
information). Fire management information included Situation Reports (SitReps), Incident Shift
Plans (a.k.a. Incident Action Plans or IAPs (see (‘Australian Institute for Disaster Resilience
Glossary’) for definition), line scans, operational maps, and archived eMap data (spatial fire
progression and response data that occasionally recorded the location of suppression firing).
DELWP provided further GIS data, including spatial base layers (roads, watercourses, vegetation,
etc.), final fire polygons, and ignition locations. A 30-m resolution digital elevation model
(DEM) was used to calculate the standard deviation of elevation (Geoscience Australia 2011). A
gridded GIS product (Dowdy 2018) was used for historical daily Forest Fire Danger Index
(FFDI) values, which was produced using data from the Australian Water Availability Project
(grid of 0.05° latitude and longitude) as input values for the FFDI calculations. Moderate
Resolution Imaging Spectroradiometer (MODIS) and Visible Infrared Imaging Radiometer Suite
(VIIRS) hotspot data was sourced from the National Aeronautics and Space Administration
(NASA) to verify fire spread. The dataset entails 346 days of active burning (days between
ignition and the last day of fire area growth) from the 27 fires.
5.2.2 Description of Variables
5.2.2.1 The Dependent Variable: FireArea.growth
FireArea.growth (n=346) is the daily fire area growth in hectares for that burn period derived
from the fire area reported in DELWPs Situation Reports and matched with daily fire growth
polygons (Figure 5.1). The burn period is 24 hours, spanning from 7am to 7am the following
calendar day. Ideally there would be a direct match between FireArea.growth as stated on the
SitReps and digital daily growth records (maps, linescans). However, there were no digital
progressions or linescans for ~25% of the days. To calculate geospatially dependent metrics,
daily fire growth polygons (Figure 5.1) were constructed for these days based on estimations
using a variety of sources: eMap extracted data; MODIS and VIIRS hotspot data; comments in
the SitReps; previous and subsequent days maps and linescans. This process was dependent on
data availability, as not all data sources were available for each fire/day (e.g., VIIRS not available
in 2010, there may not be relevant SitRep comments). A typical procedure for construction the
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fire area polygon on days without explicit polygons was to 1) start by examining the difference
between the previous and subsequent days maps and progressions; 2) Visually check MODIS and
VIIRS hotspots for active burning; 3) Check eMap data for evidence of elevated resource use
(e.g., a cluster of helicopter bucketing); 4) Read over SitReps for comments describing fire
spread and activity; 5) Check nearest Bureau of Meteorology weather station for weather
conditions (e.g., wind) indicating likely spread direction; 6) Use ArcGIS 10.4.1 [Environmental
Systems Research Institute, Redlands, USA] to draw the estimated polygon.

Day 1
DaysStartSize (Day 3)

Day 2
Day 3

a)

Day 3

b)

Figure 5.1 Daily area assessments a) FireArea.growth the area burned in each 24-hr period (Day
1, 2, and 3). b) DaysStartSize is the total area burnt up to the current day, meaning the start size
for Day 3 is equal to the area burned on day 1 and 2.
5.2.2.2 Controlling for Fire Size: DaysStartSize
The area of the fire footprint in hectares at the start of each burn period (Figure 5.1) was used to
control for variability in the growth potential from a large fire versus a small fire or single
ignition point. DaysStartSize area is equal to the sum all the previous daily FireArea.Growth or
0.01 ha on the day of ignition.
5.2.2.3 Fuel: years_since_last_fire
The average time in years since the last fire event, rounded to the nearest whole number. The
years_since_last_fire variable is the mean value of the DELWP GIS fire history layer that was
covered by the daily burn area polygon (Figure 5.2). The DELWP GIS fire history layer was
transformed into a raster sampled in R using raster::extract. Any cell/pixel with any part
overlapping the daily burn area is included. When there was zero fire area growth, the value from
the previous day was used.
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Day 3

Figure 5.2 Raster sampling. Both complete and partial cells overlapping the area of interest are
included
5.2.2.4 Fuel: FPC
Gill et al. (2017) developed foliage projective cover (FPC) maps for Australia with the best
estimate of persistent green/woody vegetation cover. FPC is an average value derived from
annual dry season Landsat imagery from 2000 to 2010. The maps have 30m resolution. The FPC
variable is the mean value of the FPC raster cells covered by the daily burn area polygon (Figure
5.2). Any cell/pixel with any part overlapping the daily burn area is included. When there was
zero fire area growth, the value from the previous day is used. Raw FPC values vary between 0
and 1, and a FPC value of 0.1 is equivalent to 20% canopy crown cover.
5.2.2.5 Weather: FFDI
The McArthur Forest Fire Danger Index (FFDI) is commonly used in Australia. The index is a
function of 𝑇, temperature in °𝐶; RH, relative humidity %; 𝜈, windspeed in km/h and 𝐷𝐹 a
dimensionless drought factor, representing fuel availability (Dowdy 2018). The FFDI equation is
𝐹𝐹𝐷𝐼 = exp(0.0388𝑇 − 0.0345𝑅𝐻 + 0.0234𝜈 + 0.243147) × 𝐷𝐹 0.987
Dowdy (2018) produced daily gridded FFDI values (Grid size 0.05° latitude and longitude i.e.,
approx. 5km) across Australia over the period 1950 to 2016, which are used in this analysis. The
FFDI variable was calculated by sampling the maximum FFDI value of the FFDI raster cells
within the final fire polygon in R using raster::extract (Figure 5.2).
5.2.2.6 Topography: Terrain_roughness
The standard deviation of elevation is one of a number of accepted indices classifying surface
roughness or landscape ruggedness (Lindsay et al. 2019). A topography metric, this measure of
terrain roughness is calculated for the area burned during that burn period by sampling the DEM
raster with the daily burn area polygon in R using raster::extract (Figure 5.2). When there was
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zero fire area growth, the value from the previous day is used.
5.2.2.7 BurningOps
This is a Boolean (true/false) variable that is TRUE if suppression firing occurred on that day.
The occurrence of suppression firing was discerned by reviewing the operational data,
predominately the SitRep comments and maps. The process of identifying whether suppression
firing occurred or not is described in (Simpson et al. 2021). Simpson et al. (2021) determined that
it was possible to calculate the extent of the suppression firing along the final fire perimeter.
However, it was not possible to accurately calculate the suppression firing burn area because of a
paucity of progression and mapping data (i.e., fire progression mapping occurred at insufficient
intervals). In terms of area estimation, it was unclear if the suppression firing exacerbated the
natural fire behaviour, or whether the suppression fires occurred in areas that would not have
burned otherwise.
5.2.2.8 Controlling for Irregular Growth: MergeFire
There were 11 instances of unusual (elevated) fire growth. These occurred under three different
conditions: 1) a larger fire overran or burnt over an existing fire and the existing burn area was
added to the larger fire, 2) multiple fires were administratively merged (i.e., they did not
physically join) for management or safety reasons (e.g., to have a single management team, or to
ensure firefighters would not be exposed to fire from two fronts), or 3) there were multiple
ignition points which merged into one fire. In the first two conditions, the elevated fire growth is
an artifact of the recording system (i.e., fire area was added that had been burned during previous
days). The third condition was a rare event (multiple ignitions interact and increase fire
behaviour). The MergeFire variable is true when any of the three conditions happened.
5.2.2.9 Random Effects Term: EventID
The unique identifier from DELWP for the 27 different bushfires. EventID is used as the random
effects term to control for regional variation in fire management and repeated sampling of fire
events. Note: Harrietville – Alpine North, and Harrietville – Alpine South have the same ignition
but were managed by two separate IMTs and deemed two separate fires in this analysis.
5.2.3 Data Inspection
Summary statistics and descriptions of the variables used in the analyses are below (Table 5.1).
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Table 5.1 Variable summary statistics
Variable

Min.

1st Qu.

Median

Mean

3rd Qu.

Max.

TRUE

FALSE

0

1.25

146

1299

602

48147

0.01

546

2570

21335

14852

164275

1

7

14

24

36

77

FPC

0.07

0.50

0.59

0.59

0.67

0.95

FFDI

0

9

14

17

20

73

terrain_roughness (m)

1

57

108

116

164

512

BurningOps (count)

177

169

MergeFire (count)

11

335

FireArea.growth (ha)
DaysStartSize (ha)
Years_since_last fire (years)

Histograms of fire area growth show that the data is skewed, there are 85 zero-growth days, as
well as 7 days of growth over 15,000 ha. (Figure 5.3). The removal of the zeros and large fire
growth days would simplify the analysis. Yet, the aim is to examine suppression of large fires as
they cause the most damage (Strauss et al. 1989) and zero growth days are important as they are
indicative of conditions in which firefighting efforts can be more successful (Finney et al. 2009).
Therefore, we needed a suitable statistical method to examine high-range, zero inflated data.

Figure 5.3 Histograms of FireArea.growth observations with bins on the linear (left panel) and
log scale (right panel). In the right panel a value of 1 ha has been added to the data to enable a log
transformation. The occurrence of suppression firing is indicated with the red and green
colouring. The data is right-skewed with a long tail and there are 85 zero-growth days.
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5.2.4 Statistical Approach
The aim of this analysis was to examine if suppression firing is a significant driver of fire area
growth, to quantify how it adds to fire area growth and examine how it interacts with other
variables in the fire behaviour triangle. Several modelling approaches were tested during the
analyses and alternate models are presented in the Appendices (Chapter 9). Given that the fire
area growth values vary over 4.5 orders of magnitude (Table 5.1) a ‘log’ link was selected for a
non-linear GAM (mgcv::gam with smooths on every variable). As negative fire growth is
physically impossible, the ‘Tweedie’ family (Bonat and Kokonendji 2017) was used to force
positive fire growth values (Note: with mgcv::gam, `tw` is used for notation, for clarity it is
referred to as “Tweedie” in the text). Since Tweedie has discrete responses with the possibility of
point mass at zero, all the data can be used, including the zeros without transformation. As the
samples have repeated draws from the same fire, event specific variation (e.g., regional variation
in fire management) was expected. To account for this, a random effect was introduced using the
EventID (the unique identifier for each fire), which results in an EventID-specific offset in the
regression.
The Tweedie family log-link GAM with EventID as a random effect, henceforth referred to as the
base model, was used as a starting point to examine interactions between variables. As
suppression firing is the primary focus of this study, only interactions with the BurningOps
variable were considered. Interactions were added by using tensor product smooths, which are
appropriate when the interacting variables are on different scales. The mgcv::gam `ti` smooths
were used, rather than `te` smooths in order to look at the interaction effects separate from the
variables’ main effects. Akaike information criterion (AIC) was used to select the best
performing models. To quantify the relative contribution of the variables in determining daily fire
area growth, the best models were compared to alternatives where one variable was removed.
5.2.5 Model checking
A visual assessment of the residual assessment plots (Figure 5.4) was performed and the plots
were deemed adequate. Residuals, as usually defined, may be of no practical use for Tweedie
model assessment as they produce line artifacts; Randomized quantile residuals are better to
assess the spread of residuals (Dunn and Smyth 1996). The randomized quantile residuals, used
for the residuals vs. linear predictor assessment plot, come from the dsm package (Miller et al.
2021) and are coded in R as dsm::rqgam.check() instead of the typical mgcv::gam.check().
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Figure 5.4 Model checking graphs (produced using dsm::rqgam.check() in R) for the
Suppression/years_since_last_fire model. The upper-right residuals vs linear predictor plot uses
randomised quantile residuals and has a suitable scatter. The upper-left QQ plot is sufficiently
close to a straight line. The lower-left histogram is sufficiently consistent with normality. The
lower-right plot shows a positive realationship.
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Figure 5.5 Model checking graphs (produced using dsm::rqgam.check() in R) for the
Suppression/FPC model. The upper-right randomised quantile residuals have a suitable scatter
that is slighly more clustered than the model with the interaction between BurningOps and
years_since_last_fire. The upper-left QQ plot is sufficiently close to a straight line. The lower-left
histogram is sufficiently consistent with normality. The lower-right plot shows a positive
realationship.

5.3 Results
Suppression interaction models were compared to the base model on measures of AIC and
deviance explained (Table 5.2). The interaction between suppression firing (BurningOps) and the
fuel variable FPC, henceforth referred to as the Suppression/FPC model was the best performing
model by AIC. The Suppression/years_since_last_fire interaction model was a supported
alternative as the AIC was only marginally higher (0.2 AIC), but the deviance explained was also
marginally higher (0.4%). As these differences were insubstantial, the results for both the
Suppression/FPC and Suppression/years_since_last_fire models are reported below.
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Table 5.2 Measures of fit for the different models, ordered by AIC. The best model without an
interaction term was used as the base model for AIC and deviance explained comparisons.
Base Model: Tweedie,
Log-Link, re:EventID
Base model GAM **
Base model GAM plus

Interacting Variables

AIC

AIC
Change

Dev. Exp.
(%)

Dev. Exp.
Change (%)

-

-

4213.2

70.1

BurningOps

Terrain_roughness

4215.0

+1.8

70.1

0.0

BurningOps

DaysStartSize

4208.3

-4.9

70.5

+0.4

BurningOps

FFDI

4196.9

-16.3

71.9

+1.8

BurningOps

years_since_last_fire

4190.5

-22.7

72.9

+2.8

BurningOps

FPC

4190.3

-22.9

72.5

+2.4

AIC=Akaike information criterion; Dev.Exp.=deviance explained
**The base model for comparison of the change in AIC and deviance explained.

5.3.1 Model Summary and Statistical Significance
Model summary information for the Suppression/years_since_last_fire (Figure 5.6) and
Suppression/FPC (Figure 5.7) models are presented below. In both models, all but two variables
(years_since_last_fire and the fuel:BurningOps:FALSE interaction) are statistically significant
(p<0.05). As the BurningOpsTRUE, and fuel:BurningOps:TRUE interaction variables are
statistically significant in both models, we reject the null hypothesis that suppression firing is not
an important driver of fire area growth.
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Family: Tweedie(p=1.615)
Link function: log
Formula:
FireArea.growth ~ s(EventID, bs = "re") + s(DaysStartSize) +
s(FFDI) + s(FPC) + s(years_since_last_fire) + s(terrain_roughness)+
ti(years_since_last_fire, by = BurningOps) + MergeFire + BurningOps
Parametric coefficients:
Estimate Std. Error t value Pr(>|t|)
(Intercept)
4.6403
0.2998 15.476 < 2e-16 ***
MergeFireTRUE
2.7534
0.2988
9.216 < 2e-16 ***
BurningOpsTRUE
1.4511
0.1803
8.048 1.91e-14 ***
--Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1
Approximate significance of smooth terms:
edf Ref.df
F p-value
s(EventID)
20.359 26.000 4.799 < 2e-16 ***
s(DaysStartSize)
4.766 5.715 3.569 0.00326 **
s(FFDI)
2.477 3.063 36.557 < 2e-16 ***
s(FPC)
2.984 3.722 3.585 0.00861 **
s(years_since_last_fire)
1.003 1.004 1.036 0.31037
s(terrain_roughness)
3.700 4.594 6.976 1.35e-05 ***
ti(years_since_last_fire):BurningOpsFALSE 2.053 2.433 1.485 0.22425
ti(years_since_last_fire):BurningOpsTRUE
1.712 2.140 4.927 0.00549 **
--Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1
Rank: 82/83
R-sq.(adj) = 0.773
Deviance explained = 72.9%
-REML = 2116.3 Scale est. = 15.124
n = 346
Method: REML
Optimizer: outer newton
full convergence after 9 iterations.
Gradient range [-0.0009064214,0.0007236994]
(score 2116.254 & scale 15.12414).
Hessian positive definite, eigenvalue range [0.0009052098,513.7954].
Model rank = 82 / 83
Basis dimension (k) checking results. Low p-value (k-index<1) may
indicate that k is too low, especially if edf is close to k'.
k'
edf k-index p-value
s(EventID)
27.00 20.36
NA
NA
s(DaysStartSize)
9.00 4.77
0.70 <2e-16
s(FFDI)
9.00 2.48
0.84
0.375
s(FPC)
9.00 2.98
0.76
0.010
s(years_since_last_fire)
9.00 1.00
0.77
0.040
s(terrain_roughness)
9.00 3.70
0.78
0.030
ti(years_since_last_fire):BurningOpsFALSE 4.00 2.05
0.77
0.020
ti(years_since_last_fire):BurningOpsTRUE
4.00 1.71
0.77
0.025
--Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1

***
**
*
*
*
*

Figure 5.6 The Suppression/years_since_last_fire model summary. All but two variables in this
are significant (p<0.05). The two variables that are not significant (years_since_last_fire and
BurningOps:FALSE interaction) must be taken in context, since there was a significant
interaction between these variables. Produced using gam.summary() in R.
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Family: Tweedie(p=1.621)
Link function: log
Formula:
FireArea.growth ~ s(EventID, bs = "re") + s(DaysStartSize) +
s(FFDI) + s(FPC) + s(years_since_last_fire) + s(terrain_roughness)+
ti(FPC, by = BurningOps) + MergeFire + BurningOps
Parametric coefficients:
Estimate Std. Error t value Pr(>|t|)
(Intercept)
4.4787
0.3038 14.740 < 2e-16 ***
MergeFireTRUE
2.4569
0.2908
8.448 1.23e-15 ***
BurningOpsTRUE
1.6329
0.1828
8.935 < 2e-16 ***
--Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1
Approximate significance of smooth terms:
edf Ref.df
F p-value
s(EventID)
20.5760 26.0000 4.854 < 2e-16
s(DaysStartSize)
4.7624 5.7088 3.230 0.00854
s(FFDI)
2.7355 3.3858 29.912 < 2e-16
s(FPC)
1.9307 2.4000 9.196 6.09e-05
s(years_since_last_fire) 2.8244 3.4878 1.253 0.36160
s(terrain_roughness)
3.8165 4.7273 7.900 2.14e-06
ti(FPC):BurningOpsFALSE
1.0008 1.0013 0.000 0.99999
ti(FPC):BurningOpsTRUE
0.4526 0.7309 32.339 2.36e-06
--Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1

***
**
***
***
***
***
' ' 1

Rank: 82/83
R-sq.(adj) = 0.688
Deviance explained = 72.5%
-REML =
2115 Scale est. = 14.733
n = 346
Method: REML
Optimizer: outer newton
full convergence after 8 iterations.
Gradient range [-0.0006473438,0.001218302]
(score 2114.953 & scale 14.73321).
Hessian positive definite, eigenvalue range [0.0002133363,513.5101].
Model rank = 82 / 83
Basis dimension (k) checking results. Low p-value (k-index<1) may
indicate that k is too low, especially if edf is close to k'.
k'
edf k-index p-value
s(EventID)
27.000 20.576
NA
NA
s(DaysStartSize)
9.000 4.762
0.71 <2e-16 ***
s(FFDI)
9.000 2.736
0.85
0.495
s(FPC)
9.000 1.931
0.77
0.030 *
s(years_since_last_fire) 9.000 2.824
0.77
0.020 *
s(terrain_roughness)
9.000 3.817
0.80
0.120
ti(FPC):BurningOpsFALSE
4.000 1.001
0.77
0.035 *
ti(FPC):BurningOpsTRUE
4.000 0.453
0.77
0.040 *
--Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1

Figure 5.7 The Suppression/FPC model summary. All but two variables are significant (p>0.05).
The non-significant interaction variable (BurningOps:FALSE) must be taken in context, since
there was a significant interaction between the FPC and BurningOps variables. Produced using
gam.summary() in R.
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5.3.2 Smooths on Linear and Response Scales
Partial residuals for the Suppression/years_since_last_fire model were plotted with the smooths
on

the

linear

scale

(Figure

5.8).

The

Suppression/FPC

model

smooths

and

Suppression/years_since_last_fire smooths were visually indistinguishable when plotted on the
linear scale, so plots of the Suppression/FPC model smooths are presented in Appendix 9 (Figure
9.7). Given the scatter of the partial residuals, the predictive power of this model is questionable.
The

differences

between

the

Suppression/FPC

model

smooths

(Figure

5.10)

and

Suppression/FPC model smooths (Figure 5.9) were more apparent when plotted in hectares (the
scale of the response variable).
The most notable differences in the smooths occur on the FPC and years_since_last_fire variable
smooth plots. However, these differences are largely due to variations in the y-axis limits, rather
than substantial differences in the shape of the smooths or the mean values. The wide confidence
intervals necessitate variations in scale, which distorts the visual comparison. This was
particularly apparent in the interaction smooth plots (
Figure 5.11 and Figure 5.12). The effect size, or the difference between peak and minimum mean
values of the fire area growth was ~3000 ha in both models, when suppression firing occurs
(BurningOpsTRUE). There was a wide confidence interval on the left-hand side of the
Suppression/FPC interaction (when BurningOpsFALSE), which was related to the low number of
observations when FPC < 0.3. The resultant difference in scale of the FPC interaction graphs
makes the curve in the BurningOps true plot appear flat in comparison with the
Suppression/years_since_last_fire curve.
Regarding the smooths for the individual variables, with both the fuel interaction models, a peak
in fire area growth occurred at ~30 years since the last fire. The peak in the
Suppression/years_since_last_fire model occurs during suppression firing, but not in its absence.
A similar peak occurs in the Suppression/FPC model, and the maximum mean fire area growth
value (~3000 ha) appears at ~0.4 FPC when suppression firing occurs. There was an initial
positive slope for the terrain_roughness variable which indicates that greater fire area growth
occurs in locations that have greater variability in slope. This was followed by a decline with a
wide confidence interval on the right side of the terrain_roughness plot (>300). However, there
was a low number of observations in this area. As such, results for this area of the curve (>300)
cannot be interpreted with confidence and the shape of the curve should not be evaluated.
Fire area growth increased with higher FFDI values. With the log-link, a one unit increase in
FFDI, will increase fire area growth by factor of 1.05, ceteris paribus. Recall that the
DaysStartSize and MergeFire variables were added to the model as controls. The curvature of the
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DaysStartSize smooth was likely an artifact of repeated samples from the same fires (there was a
small number of very large fires that were active for weeks). When the MergeFire variable was
TRUE, there was an additional 40,000 ha of fire area growth, which was substantial in context to
the size of these fires. These anomalous growth days were discovered by examining operational
records and they could be easily missed without a day-by-day examination of the fires.

Figure 5.8 Individual smooth plots for the Suppression/years_since_last_fire model plotted on the
linear predictor scale. Partial residuals appear as grey dots. The fitted line is in blue, and the grey
shading is the 95% confidence interval. The y-axis represents the log of the area burnt.
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Figure 5.9 Individual smooth plots for the Suppression/years_since_last_fire model plotted in
hectares, which is the scale of the response variable. The fitted line is in blue, and the grey bands
represent the 95% confidence interval. The y-axis is hectares of fire area growth.
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Figure 5.10 Individual smooth plots for the Suppression/FPC model plotted in hectares, which is
the scale of the response variable. The fitted line is in blue, and the grey bands represent the 95%
confidence interval. The y-axis is hectares of fire area growth.
Interaction effect smooths for the Suppression/years_since_last_fire model (
Figure 5.11) and Suppression/FPC model (Figure 5.10) are presented below. Each figure includes
two sets of plots, one which depicts the log of the response variable, and a second which uses
hectares to enable a more intuitive understanding of the changes to fire area growth. In the
Suppression/years_since_last_fire model (
Figure 5.11), when suppression firing occurred there was an increase in daily fire area growth
until the peak at ~30 years since the last fire. As there were limited observations after the 50+
year mark, there was less certainty as to whether the decline in fire area growth decrease should
be as steep. In the Suppression/FPC model there was a similar peak in fire area growth when
suppression firing occurred, associated with the midrange FPC values (~0.4 to 0.5). The peak
value

(~3000 ha)

was

roughly

equivalent

to

what

can

be

seen

in

the

Suppression/years_since_last_fire model (~3000 ha), although the difference in scale of the y-
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axes distorts the visual comparison. There was a limited number of observations at low (<0.35
FPC) and high (0.8 FPC) values of FPC, making meaningful interpretations the curve unreliable.
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Figure 5.11 Interaction smooths for the Suppression/years_since_last_fire model where the y-axis
is either the log of the response variable (top) or the response variable in hectares (bottom). The
fitted line is in blue, and the grey bands represent the 95% confidence interval. The partial
residuals are shown as grey dots on the top plot. The interaction was a statistically significant
when years_since_last_fire:BurningOpsTRUE (p=0.005).
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Figure 5.12 Interaction smooths where the y-axis is either the log of the response variable (top) or
the response variable in hectares (bottom) for the Suppression/FPC model. The fitted line is in
blue, and the grey bands represent the 95% confidence interval. The partial residuals are shown
as grey dots. The interaction of the FPC:BurningOpsTRUE was statistically significant (P=2.36E06).
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5.3.1 Comparing Variable Importance
To gauge the relative contribution of the variables in determining fire growth, the full models
were compared to alternate models where one variable was removed (Table 5.3). Removal of the
suppression firing variable (BurningOps) resulted in the greatest change, with an increase of 81
AIC units and a drop of ~8% deviance explained. As a portion of the resultant change derives
from the removal of the interaction variable (it must be removed as well as the BurningOps
variable), the base model without interactions was also assessed (Table 5.4). Removing
suppression firing (BurningOps) from the base model resulted in a change of 58 AIC units, which
was the third largest AIC change. There was also a 5.7% change in deviance explained, which
was equal to the removal of the FFDI variable.
Table 5.3 Comparison of goodness of fit between the base model that includes the interaction
(either Suppression/years_since_last_fire or Suppression/FPC) and alternate models with one
variable removed. Results are ordered by greatest change in AIC.
Base Model:
Tweedie/log
GAM re:EventID**

GAM re:EventID**

Interacting Variables

Variable Removed

AIC

AIC
change

Dev.
Exp. (%)

Dev. Exp.
Change (%)

BurningOps

years_since_last_fire

-

4190

72.9

BurningOps

years_since_last_fire

FPC

4197

+7

72.2

-0.7

BurningOps

years_since_last_fire

DaysStartSize

4216

+26

69.5

-3.4

-

-

years_since last_fire

4216

+26

69.3

-3.6

BurningOps

years_since_last_fire

terrain_roughness

4223

+36

69.0

-3.9

BurningOps

years_since_last_fire

MergeFire

4265

+75

64.4

-8.5

BurningOps

years_since_last_fire

FFDI

4268

+78

66.2

-6.7

-

-

BurningOps

4271

+81

64.4

-8.5

BurningOps

FPC

-

4190

BurningOps

FPC

years_since_last_fire

4192

+2

71.8

-0.7

BurningOps

FPC

DaysStartSize

4213

+23

69.4

-3.1

-

-

FPC

4219

+29

69.3

-3.2

BurningOps

FPC

terrain_roughness

4229

+39

67.9

-4.6

BurningOps

FPC

FFDI

4258

+68

66.7

-5.8

BurningOps

FPC

MergeFire

4262

+72

64.4

-8.1

-

-

BurningOps

4271

+81

64.4

-8.1

72.5

AIC=Akaike information criterion; Dev.Exp.=deviance explained
**The comparison model for the change in AIC and deviance explained.
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Table 5.4 Comparison of goodness of fit between the base model (without any interactions) and
alternate models with one variable removed. Results are ordered by greatest change in AIC.
Base model:
tweedie/log
GAM re:EventID**

Variable removed

AIC

AIC
change

Dev. exp.
(%)

Dev. exp.
change (%)

-

4213

years_since_last_fire

4216

+3

69.3

-0.8

FPC

4219

+6

69.3

-0.8

DaysStartSize

4227

+14

67.8

-2.3

terrain roughness

4246

+33

65.9

-4.2

BurningOps

4271

+58

64.4

-5.7

FFDI

4280

+67

64.4

-5.7

MergeFire

4285

+72

61.2

-8.9

70.1

AIC=Akaike information criterion; Dev.Exp.=deviance explained
**The comparison model for the change in AIC and deviance explained.

5.4 Discussion
Suppression firing contributed substantially to daily fire growth on large fires in Victoria,
Australia. The presence of suppression firing was statistically significant, and depending on the
fuel interaction model, it resulted in an average additional ~2,500 ha (years_since_last_fire,
Figure 5.9) or ~2,700 ha (FPC, Figure 5.10) of daily fire area growth. That was twice the mean
daily fire area growth in a dataset where one-quarter of the observations were zero. Suppression
firing has not previously been studied as a driver of fire area growth. Yet, the suppression firing
variable was equal or more important than the fire behaviour triangle variables representing fuel,
weather, or topography for modelling daily burn area. Removal of the suppression firing variable
resulted in either the greatest change or the third greatest change in model performance.
Unidentified suppression firing can confound other areas of fire research (e.g., fire behaviour or
severity research). Existing fire behaviour research assumes that the observed fire spread or
severity was natural and driven by fuel, weather, and topography (Parks et al. 2018; Hart and
Preston 2020; Duane et al. 2021). The omission of suppression firing from these studies could
lead to overestimating the natural fire spread and underestimation of natural fire severity.
Therefore, unless researchers are willing to exclude fires that have had suppression firing from
their research, as in Holsinger et al. (2016), it should be considered in future fire behaviour and
severity research.
The strongest interaction effect occurred between suppression firing and the fuel variables. As the
weather has been identified as the most important predictor of fire area growth in south-eastern
Australia (Price et al. 2016), the strongest relationship was expected to be between suppression
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firing the weather variable (FFDI). However, fire management professionals are likely to only
engage in suppression firing during favourable weather conditions (i.e., suppression firing would
not be attempted when the FFDI is either very low or very high), and their choice of whether to
burn or not would obstruct the effect of the weather in these models.
Results indicate that there was a peak in daily burn area, occurring at ~30 years since the last fire.
In Australia, flammability was thought to increase with the time since the last fire, due to fuel
accumulation (McArthur 1967). However, the presence of a peak and subsequent decline was
corroborated by more recent research which indicates that there was peak in flammability (Storey
et al. 2016; Zylstra 2018). Interestingly, the Suppression/years_since_last_fire model indicates
that this peak occurs with suppression firing, but not in its absence. This peak in flammability
may relate to fuel structure (Barker et al. 2021). Data on the motivation for suppression firing
was not available in this study, but differences in fuel structure can be visually assessed to
estimate flammability (Hines et al. 2010; Zylstra 2011). As suppression firing is used as a fire
control measure, it may be that firefighters are choosing to burn areas with more flammable fuels
to ensure the fire carries through the fuel to the desired location (e.g., from the road edge to the
main fire). Alternatively, it may be that firefighters are indiscriminate about fuel age and
flammability, and the suppression firing simply results in a peak in fire area growth at ~30 years
post fire. Further research on the motivation for suppression firing is needed to resolve the reason
for this peak.
For the Suppression/FPC model, a maximum mean fire area growth value (~3000 ha) occurred at
~0.4 FPC, and as the FPC increased, daily fire area growth declined. Higher values of FPC
indicate a closed canopy, or increased canopy cover which promotes higher fuel moisture levels
(Wotton et al. 2005; Banerjee et al. 2020) and greater wind reduction (Moon et al. 2019) which
in turn lowers flammability. The natural decrease in flammability associated with increased
canopy cover is likely to affect suppression firing in the same manner as that which is seen in
natural fires. Alternatively, it may be that suppression firing is restricted in dense forested areas
because the foliage becomes difficult for ground crews to pass through during ignition operations.
In this situation, there would be safety concerns and a reduction to the ignition area. Further
suppression firing research is needed to make clarify the causal relationship.
The weather and topography variable results align with existing research, which provides
assurance of general model validity. The significance and positive slope of the FFDI variable was
unremarkable given the common usage of FFDI in Australian fire research (Plucinski et al.
2020). There was an increase in daily fire area growth as the variability in slope increased,
followed by a decline that was associated with very few observations. Variability in slope can
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provide more opportunities for spot fire propagation (Storey et al. 2020) and cross slopes, which
can enable vorticity driven lateral spread (Sharples et al. 2012). Increased spot fire propagation
and vorticity driven lateral spread would promote daily fire area growth, therefore the initial
positive slope in the terrain_roughness variable plot was expected. There were insufficient
observations to draw reliable conclusions about the relationship when the slope variability was
very high (>300).
Suppression firing research could be greatly improved with improvements in operational data, as
the quality of operational data was a limitation for this study. For example, the SitReps did not
explicitly mention the suppression firing area (sometimes an ignition line length, but not burnt
area). Also, irregular, infrequent linescans did not allow for differentiation between natural fire
growth and suppression fire growth. Fire management agencies could improve research outcomes
by ensuring there are accurate recording of suppression firing locations, area, and ignition start
and stop times. Ideally, records would also include information on fuels, local resources,
observed fire behaviour, and the resources involved. Inadequate data capture was one of the
issues highlighted in the 2009 Victorian Bushfires Royal Commission (Pascoe 2010) and
improvements in this area would improve communications and operational outcomes (Redman
1998). Clearly there are difficulties in recording operational data, as fires are rapidly evolving
emergency situations during which the primary focus must be the operational outcomes. Yet,
suppression firing has repeatedly borne scrutiny in various forms of formal inquiry (Nairn 2003;
Teague et al. 2010; Inspector General for Emergency Management 2016; Owens and O’Kane
2020). At the same time, there has been very little research in this area (Vega et al. 2012;
Simpson et al. 2021). The practice will likely continue to occur. With further research in this
area, effective tools could be developed to improve the likelihood of success. Suppression firing
research could be used to identify ignition thresholds, optimal ignition patterns, and minimum
resource requirements to support evidence-based decision making. The recent controversial and
damaging New South Wales suppression firing incidents that destroyed over 50 homes (Owens
and O’Kane 2020) highlight the necessity of further study in this area.
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6 Conclusion
This thesis has focused on large-fire suppression because large fires account for the vast amount
of suppression costs (Donovan and Brown 2005; Martell 2015), burn area (Podur and Martell
2007; Finney et al. 2009; Katuwal et al. 2016), and damages (Gill et al. 2013). There is a
substantial gap in the formal knowledge of large-fire suppression. The historical focus of
suppression research has primarily been on small fires or initial attack (as highlighted in the
Chapter 2 literature review). Suppression costs and fire damages continue to escalate (Pacheco
and Claro 2018), and large-fire suppression research is needed to improve decision making and
suppression effectiveness. Large-fire managers lack practical tools to assist their decision making
(HomChaudhuri et al. 2013; Martell 2015). The small-fire focus of many suppression simulation
models, DSS, and OR models has made them impractical to use as operational tools in large-fire
suppression (Duff and Tolhurst 2015). Considering the paucity of large-fire suppression research
(Calkin et al. 2014; Katuwal et al. 2016, 2017; Stonesifer et al. 2016; Plucinski 2019a; b), this
thesis began with an examination of the fundamentals, seeking to answer the question ‘How are
suppression resources being used on large fires?’
A qualitative analysis was performed to address this question, described in Chapter 3. The result
was a fundamental framework of large-fire suppression that associates fire behaviour with the
suppression resources' activities. The analysis used operational documents to reconstruct the fire
spread and suppression response on ten large fires in Victoria, Australia that spanned 156
suppression days. Large-fire suppression was framed as an ordinal progression through five
discrete stages (Morse and Mitcham 2002). The stage, resources, and activities were assessed for
a 24-hour burn period at the sector level. NVivo11 software (QSR International Pty Ltd. 2015)
was used to code and analyse the comments from the SitReps and IAPs for the stages and discrete
suppression tasks (Krippendorff 2004; Hsieh and Shannon 2005). This five-stage temporal
framework classified suppression in the colloquial terms used in fire management. This work
provided a fundamental description of how suppression resources are used on large fires.
Suppression was heterogeneous across different sectors, with different stages occurring across
sectors on the same day. A major shortcoming in existing suppression OR models, identified in
Chapter 2, is that suppression is oversimplified. This framework outlined how resources are used
and identified twenty different suppression tasks that need to be incorporated in future models.
The recent AFUE Report confirmed the Chapter 3 result, that aerial suppression resources engage
in multiple tasks, beyond establishing control lines (USDA Forest Service 2020). Results
indicated that over half (57%) of the resource use in large-fire suppression falls outside current
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suppression modelling and productivity research. Using the concept of the Johari Window in resource
management, this result is an essential step to advancing suppression knowledge; it quantifies the
known unknowns (Marcot 2020). The results indicate why the existing OR models and DSS tools are
not being used operationally on large fires and where the shortcomings are.
Chapter 3 was an overarching framework of suppression that identified under researched suppression
tasks. One of these tasks, suppression firing, was selected for in-depth analysis to resolve large-fire
suppression further. Although research in this area is scarce, suppression firing use is thought to be
widespread (Vega et al. 2012). This research aimed to evaluate the practice of suppression firing,
quantify its prevalence, and quantify its effect on the fire, emphasising containment and fire area
growth. The systematic examination of the prevalence and practice of suppression firing was
described in Chapter 4. The analysis used operational data from five years (2010–2015) to
identify and map the incidence of suppression firing. Seventy-four fires were examined and
categorised as 1) those with sufficient geographic data to map the suppression firing (SF-Map,
n=26), 2) those with suppression firing but insufficient geographic data to map the extent (SFNoGeo, n=11), and 3) those without detectible suppression firing (No-SF, n=37). Suppression
firing was more apparent in denser fuels, and there was a significant difference by fuel type; chisquare result (p < 0.001). Suppression firing was more prevalent in forests and less prevalent in
mallee. The archetypal suppression firing occurred during intervals of low fire spread and
resulted in modest fire behaviour. Suppression firing was common along perimeter aligned roads.
For the 26 SF-Map fires, suppression firing occurred along 77% of the road length. There was a
significant difference in the mean perimeter-aligned road percentage for fires with suppression
firing versus those without (t = 6.40, p < 0.001). Suppression firing was a prominent containment
tool. For the 26 SF-Map fires, suppression firing occurred along 42% of the total external fire
perimeter length. One-fifth of the external perimeter of the 74 large fires was contained with
suppression firing. There was insufficient mapping data to appraise the suppression burn area
accurately. However, the suppression firing burn area ranged from ~0.2 ha to ~20,000 ha.
The research presented in Chapter 4 supported the idea that suppression firing is widespread as it
occurred on half of the large fires in Victoria. Importantly, it quantified the effect that
suppression firing has on containment. In OR models, such as Hu and Sun (2007), the Chapter 4
results could be used to provide additional input values to approximate the indirect strategy.
Recall from Chapter 2.8, Hu and Sun (2007) modelled three attack strategies: direct, parallel, and
indirect. Extensive user input was required to model the indirect attack as there was insufficient
formal knowledge to imitate this strategy. Suppression firing is a standard method for achieving
indirect attack. Chapter 4 results guide the landscape features that are more likely to relate to
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indirect attack (e.g., dense fuels and roads). Also, the containment percentage result, that 42% of
suppression firing fires were contained by suppression firing, illustrates how common the indirect
strategy is versus direct suppression.
Understanding what happens during large-fire suppression is critical. In the USA, machine
learning was used to examine past fire perimeters to predict PCLs and the distance to barriers
(roads and waterways) was the strongest predictor (O’Connor et al. 2017). Clearly, roads are
crucial, but without incorporating suppression firing, research has assumed that the roads function
as a passive fire barrier or enable firefighter access (Narayanaraj and Wimberly 2011; Zhang et
al. 2020). Recent research even calls for changes to the road network to increase road density,
improving firefighter access (Zhang et al. 2020). Although the proposed changes minimize travel
time distance, they fail to optimise potential suppression firing ignition locations. The cause of
the historical alignment between roads and fire perimeters was recently raised as an open
question in the USA (Thompson et al. 2021). Interagency resource sharing is common between
Australia and the USA, so one could assume the firefighting methods are likely similar.
Therefore, results from this thesis could be extended to the USA. In Chapter 4, suppression firing
fires were found to have a significantly higher proportion of perimeter aligned road, and 77% of
that road length was suppression fired. One can conclude that suppression firing is the likely
cause of the historical perimeter alignment. These results highlight that a conceptual shift is
needed in fire modelling to think of the fire as ignited from the road, not stopped by the road.
Existing fire behaviour simulation models (e.g., PHOENIX RapidFire) often halt forward fire
spread at roads (Tolhurst et al. 2008). Considering how common suppression firing was, rather
than halting the fire at the road, guidance is needed about what will happen if a suppression fire is
lit at the road. Quantifying the practice of suppression firing and its importance to containment is
a major step to addressing this shortcoming.
With the paucity of the mapping data in Chapter 4, precise burn area attribution was impossible.
Therefore, a statistical analysis was undertaken to estimate the contribution of suppression firing
to the daily burn area. Chapter 5 quantified the influence of suppression firing on the daily burn
area while incorporating fuel, weather, and topography variables to account for their effect. A
generalized additive model (GAM) was used to assess the daily burn area. The presence of
suppression firing was significant, and depending on the fuel interaction model, it resulted on
average in ~2,500 ha or ~2,700 ha of the daily burn area. Suppression firing had equal or greater
importance as the fuel, weather, and topography variables in modelling daily burn area. The
result was notable as suppression firing has not previously been examined as a driver of fire area
growth. Although the FFDI variable, representing the weather, was expected to have the strongest
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interaction with suppression firing, the strongest interaction effects were between suppression
firing and fuel variables. Firefighters are likely to change their behaviour in response to changes
in FFDI which would obfuscate the interaction between suppression firing and FFDI decrease the
importance of the interaction. More research about the motivation for suppression firing is needed
to understand the fuel interactions better. Results show the importance of including suppression
firing in fire behaviour and growth research. The omission is likely to overestimate natural fire
spread and underestimate natural fire severity.
The paucity of large-fire suppression research relates to the difficulty of undertaking research in
this area, not the importance. Large fires are often dangerous and remote, restricting access.
Large fires are episodic, and large-fire suppression varies in duration from days to weeks or even
months. This thesis contributes substantially to a severely understudied research area at a
fundamental level. The framework of large-fire suppression begins to answer how suppression
resources are used, but it also identifies numerous suppression tasks that need additional research.
This thesis revealed that suppression firing had a significant and demonstrable effect on fire
containment and fire area growth. Future suppression firing research should establish ignition
thresholds (e.g., minimum and maximum FFDI values where suppression firing is successful),
resource requirements and production rates, and integrate suppression firing with containment
probability models. This thesis also demonstrated operational data's value for suppression and fire
behaviour analyses; however, the quality of the data was a limitation. A strong recommendation
is that fire management agencies look to improve operational data quality in consultation with
researchers, especially as they would be the primary direct beneficiaries of improved research
outcomes. The applicability of this thesis’s findings for other jurisdictions is unknown and
requires further study. Although given the consultation with both in and out-of-state experts,
international deployment of wildland firefighters and resources, and the international wildfire
experience of the author, it is the authors' opinion that many conclusions in this thesis can be
generalized to other regions of Australia and the world.
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8 Appendix 1: A Temporal Framework of Large Wildfire
Suppression in Practice, a Qualitative Descriptive Study
8.1 Appendix A
Below are brief reconstructions of the 10 wildfires considered in this article.
8.1.1 A.1 Stonyford Reconstruction
Aircraft (CFA response) started flying to the Stonyford wildfire, Figure 8.1, at 15:13, prior to the
first DELWP record at 16:23 on the 5th of February. By 6pm the forward spread was halted and
the fire was estimated to be 450 hectares. This is the smallest wildfire in the dataset by area but it
had the largest first-day response from ground crew (415), as well as substantive aerial resource
use; 27 hours of flight-time which included 4 hours by fixed-wing birddog aircraft, 8 hours by 2
light helicopters, and 15 hours by 3 medium/heavy helicopters. Three sides of the fire used
existing roads as control lines; the last side was a dozer line connecting the roads which was
completed by midnight on the first day. Limited burning operations were completed overnight on
the 2nd day (06-07/02/2014). Perimeter mop up depths were extended beyond what was detailed
on other wildfires as adverse weather conditions were expected to occur on the 5th day.

Figure 8.1 Stonyford Progression Map
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8.1.2 A.2 Hallston Reconstruction
At 16:33 on the 26th of March 2013 it was reported that a prescribed burn spotted ~300m south of
the intended burn area, igniting the Hallston wildfire, Figure 8.2. A 100m wide head-fire initially
spread in a south-west direction. Early in the morning (05:35) on the second day the fire was 49
hectares and partially contained on the north, east and south sides. The fire spotted over the
control lines again in the early afternoon (13:32) on the 2nd day. By that evening it was reported
to be 320 hectares and still growing and crews were engaged in asset protection. The fire
continued to burn overnight and approached the limit of its growth in the morning of the 3rd day
(28/01/2012) when it started to rain. Some limited burning operations occurred during
containment efforts but primarily containment was achieved with direct attack in conjunction
with the rain. Final completion of mechanical control lines in the forested areas occurred days
after the fire spread had halted as it was too wet and unsuitable for heavy equipment.

Figure 8.2 Hallston Progression Map
8.1.3 A.3 Powelltown Reconstruction
The Powelltown wildfire, Figure 8.3, started in an active logging coupe and was contained at 22
hectares on 27/01/2014. In the morning (11:18) of 09/02/2014, nine days after the last
suppression presence, the fire rekindled and grew over three-hundred hectares to an estimated
350 hectares the morning of 10/02/2014. A plan was developed by midnight 02/09/2014 to use
the existing road network to contain the fire. Successive burning operations occurred along the

117

roads and short stretches of mechanical control line day and night until the evening of 12/02/2014
when the fire was contained. Issues occurred with the burning operations such as one section
exceeding the intended burn area and one operation ceasing because the fire would not spread.

Figure 8.3 Powelltown Progression Map
8.1.4 A.4 Corryong Reconstruction
Two lightning fires that were reported on 16 & 17/01/2014 in a remote forested area merged
together on 19/01/2014 as the Timbarra wildfire, Figure 8.4. There was only aerial suppression
on the first day and the direct attack strategy enacted on the second day was abandoned. Aerial
suppression was used to slow the fire while burning operations occurred. Two of four sides of the
fire were contained with burning operations that used existing roads. The burning operations were
extended along a newly constructed dozer line (~4km) and there were plans to burn along the
existing road to contain the final side, but a dozer line was constructed along the fire edge
instead. This was due to a weather change on the 24/01/2014 which included significant rain.
Control line construction and burning operations took longer than expected and hazard tree work
was an ongoing impediment. Extensive work was done to clear existing roads as contingency
lines.
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Figure 8.4 Corryong Progression Map
8.1.5 A.5 Morwell Reconstruction
The first report (15:18) of the first of two human caused ignitions on the Morwell wildfire, Figure
8.5, was on 07/02/2014. The CFA responded to the first fire and it was contained at 156 hectares
on 08/02/2014. Early in the afternoon (13:12) the fire spotted beyond the control lines and at 591
hectares it was spreading toward substantive assets including public infrastructure, mining assets,
plantations and a mill, and private residences. The first report (14:46) of the second ignition on
09/02/2014. By early evening (17:37) the fire was reported to be 2800 hectares, there was
extensive spotting and multiple assets were being impacted. It is not clear whether the burn area
associated with the second ignition (~759 hectares) merged with the initial fire, but the two fires
were managed as one incident. There were no further significant suppression challenges
following the period of rapid wildfire growth on 09-10/02/2014 as a ~315 hectare burn area
within the Hazelwood Mine was excised for separate management due to the specialised
suppression requirements of a coal mine fire.
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Figure 8.5 Morwell Progression Map
8.1.6 A.6 Timbarra Reconstrcution
The Timbarra wildfire, Figure 8.6, was reported in the afternoon (13:51) of 08/02/2014. For two
days direct attack with ground crews was deemed to be too dangerous and aerial suppression
resources were used exclusively. Ground resources accessed the fire on 10/02/2014 and
improvements were made to the existing road network to enable its use as a control line for
burning operations. Burning operations started on 12/02/2014 with a burn extending ~7km that
reached a depth of ~100m from the road and they continued until the 14/02/2014 when they
encompassed three sides of the fire and were halted by rain. Adverse weather on 19/02/2014
resulted in the fire spotting outside of intended burn area. Burning operations resumed on
21/02/2014 and continued on intermittent days until 03/03/2014. This fire was managed as a part
of a complex of fires which obscured the multi-stage process until later in the fire management
(the 17th day). The fire overran another lightning caused fire (Ensay-Dinner Creek Track) that
that had been contained to 0.3 hectares on 04/02/2014.
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Figure 8.6 Timbarra Progression Map
8.1.7 A.7 Lake Rowan Reconstruction
Protection of rural assets was the focus of suppression during the first day of the rapidly growing
Lake Rowan wildfire, Figure 8.7, which was estimated to be over 1000 hectares an hour and a
half after the first report (15:50) on the 16/12/2014. By 19:00 the fire had burned ~15km from the
point of origin and further fire behaviour and spread was moderated by milder overnight weather.
Graders were used to establish control lines in rural pastures while dozers were used in the treed
areas. Fire spread was relatively limited after the first burn period and there were burning
operations overnight in the treed areas on the night of the 18th and 20th of December.
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Figure 8.7 Lake Rowan Progression Map
8.1.8 A.8 Kentbruck Reconstruction
The Kentbruck wildfire, Figure 8.8, was human caused and started along the highway on
04/01/2013. Within minutes of the first report (14:36) the fire was estimated at 55 hectares with
flames crowning 20m above the tree tops in a pine plantation. The fire grew to 160 hectares,
running 1.25km in 1.5 hours in an easterly direction. Within 5 hours the fire was 670 hectares and
it had spotted over three roads to the east and an unnamed track to the north. By 21:00 aerial
suppression ended and the fire was 1270 hectares and containment burning operations had begun.
Outside the pine plantation the fire burned in swampy, inaccessible heathland inducing a
containment strategy of aerial suppression and burning operations along existing roads. By
estimate, half the final burn area was the direct result of burning operations which occurred over
eight days. The burning operations on the third day exceeded the intended burn which ultimately
resulted in an extra ~3000 hectares of fire growth beyond what had originally been intended.
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Figure 8.8 Kentbruck Progression Map
8.1.9 A.9 Mickleham Reconstruction
This Mickleham wildfire, Figure 8.9, initially spread in a south-westerly direction and reached
~150 hectares within two hours of the first report (12:46) on the 09/02/2014. A southerly wind
change resulted in rapid fire growth to the north and 3930 hectares were burnt within four hours
(15:58). Resources focused on asset protection as this is an interface area close to Melbourne,
Victoria. By midnight the fire was ~10,000 hectares and still burning in a northerly direction. Fire
activity abated overnight but spotting was occurring again by noon of the 2nd day when another
period of significant growth occurred (8,683 hectares) which necessitated defensive firefighting
and the evacuation of the Kilmore Township. There were no significant burning operations
recorded and many of the machine control lines were constructed after the fire was contained by
wetlines. The initial suppression response was moderated by existence of a second large interface
wildfire within 25km of the point of origin.
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Figure 8.9 Mickleham Progression Map
8.1.10 A.10 Grampians Reconstruction
The first report of seven ignitions in the Grampians wildfire Complex, Figure 8.10, was at 09:04
on the 15th of January. Four ignitions were contained prior to being overrun by the rapidly
growing wildfire that resulted when multiple ignitions that were ~3km apart joined on
16/01/2014. In the late morning (10:25) of 16/01/2014 there were signs of column interactions
between two fires, one of which had grown to 100 hectares. By 14:08 the fires joined and
subsequently (17:37) assets in a southerly direction (Smiths Road) were being impacted and fire
was ~1600 hectares. In the early morning (03:44) of 17/01/2014 the fire was mapped at 11,318
hectares. Growth continued in a southerly direction and the fire was 36,680 hectares at 18:26. A
wind change resulted in the rear of the fire becoming the head and it burned ~10,000 hectares in a
~14km run to the north. On the morning (10:15) of the 18th the fire was 49,153 hectares.
Offensive suppression had not been possible unless the fire had reached pasture land. There was a
further ~5,500 hectares of fire growth due to burning operations that were used to contain the
southern half of the fire. Major burning operations extended from the night of the 18/01/2014 to
the morning of 20/01/2014 with hand-lighting along the existing roads. Natural in-fill burning
from this anthropogenic origin occurred until the evening of the 22nd of January when the area
was burnt with aerial incendiaries.
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Figure 8.10 Grampians Progression Map
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8.2 Appendix B
Table 8.1 A detailed description of the 20 suppression tasks that make up Figure 3.1
Task

Description

Slow running fire When containment or extinguishment is unlikely, aircraft drop water,
foam, or chemical retardant on the head or flanks of a running wildfire to
slow the forward rate of spread or decrease the head-fire width.
Retard potential While control lines are being established aircraft drop water, foam, or
fire behavior
chemical retardant on fuels that are burning inside of the proposed
control lines of prevent fire behavior from building into an organized
flame front. Fuel at the drop locations is later burnt either naturally or
during burning operations.
Contain spot fires Aircraft drop water, foam, or chemical retardant on spot fires to prevent
further spread and/or ground resources extinguish the spotfire,
establishing control lines if necessary.
Establish control Existing barriers (e.g. roads) provide access and a defensible, fuel free
lines
space from which the wildfire can be directly suppressed as it approaches
or as a location from which burning operations can be initiated.
Modification (e.g. brushing vegetation) may be necessary.
Mineral earth control lines are constructed by plant/heavy equipment
such as dozers/graders or ground crews either directly adjacent to the
burning wildfire impeding spread or in a geographically favorable
location from which burning operations can be initiated.
The fire edge is fully extinguished (a wetline) and burnt fuel that will not
re-burn forms the control line.
Aircraft drop retardant to reinforce an alternate control line (no
standalone retardant lines in case studies).
Knock down flare Depending on accessibility, ground crews or aircraft suppress the
ups
resulting bursts of increased fire behavior in internal unburnt patches of
fuel to prevent embers from causing spot fires.
Burn control lines A fire is ignited progressively along a constructed or existing control line.
The anthropogenic fire either spreads to join the wildfire or the
intervening unburnt fuel is burnt in another operation.
Burn un-burnt
After the fuel along the control line has been burnt, either naturally or via
patches
anthropogenic means, interior areas of unburnt fuel are ignited under
favorable burning conditions.
Aid repair to
Limited resources (e.g. 1-2 ground crews and/or dozer) assist Utilities
critical
Crews with the process of repairing critical infrastructure.
infrastructure
Clean up
Debris, burnt material, and downed trees are cleared for safety and
access.
Rehabilitate
Constructed control lines are returned to an environmentally sound state
control lines
to address erosion or access issues. Repairs to assets such as fences or
lawns were included on some wildfires.
Directly defend Aircraft drop water, foam, or chemical retardant on the fuels that are
structures
burning near structures or other assets.
Ground crews extinguish fuels that are near structures, embers that may
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ignite structures, and/or structure fires if trained/equipped.
Prepare to defend Crews are deployed to asset locations where wildfire impact is
structures
anticipated - though no impact is occurring.
Defensive control lines are constructed and properties are prepared for
possible wildfire impact.
ID contingency
Determine where contingency lines could be established - limited to
control lines
existing features in defensive stage.
Construct
Control lines are constructed or existing features are improves in advance
contingency
of potential fire spread so as to provide a defensible space or permit
control lines
future burning operations should the wildfire spread beyond current
containment control lines.
Suppress and mop Suppress flaming and smoldering fuels near the wildfire edge or fire
up active fire
perimeter, around assets and along public roadways.
ID and clear
Identify and clear hazard trees; hand falling and/or plant/heavy
hazard trees
equipment used.
Full perimeter
Full extinguishment of all smoldering material for a full depth (typically
mop up to depth 30m or greater) around the perimeter of the wildfire.
ID hotspots with Infrared cameras (handheld or aerial) used to identify hotspots
IR
smoldering within the fully extinguished perimeter, GPS locations of
hotspots marked and disseminated to ground crews to extinguish.
Mop up limited Smoldering hotspots, limited in number, discovered while patrolling the
hotspots
perimeter or identified by IR technology are fully extinguished.
Look for flare-ups Ground crews transit the fire perimeter to seek and supress overlooked
and hotspots
hotspots near the fire perimeter or internal flare-ups that throw embers
beyond the control lines and create spotfires.
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8.3 Appendix C
Figure 8.11 shows the total number of ground-crew classified by stage on each day of the fire for
all 10 wildfires considered. Multiple colors in a single day indicate that various sectors reached
different stages. Ground crews are used as a proxy for total resource use.
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Figure 8.11 Total ground-crew classified by stage for each day of the fire (see Stonyford graph
for axis labels and legend)
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9 Appendix 2: Additional Analyses from Chapter 5
Several modelling approaches were tested during the analyses in Chapter 5, including a
gaussian linear regression model, and Gamma and Tweedie generalized linear models (GLM)
and generalized additive models (GAM). The following provides further details of the
Gamma and Tweedie modelling, see 9.1.2 for further analyses of the linear regression. The
fire area growth values vary over 4.5 orders of magnitude, so a ‘log’ link was selected for
both the GLMs (mgcv::gam with no smooths) and GAMs (mgcv::gam with smooths on every
continuous variable and no interactions). Two families (Gamma and Tweedie) were
examined because of the positive fire growth values, as negative fire growth is physically
impossible. To transform the 85 zero-value data points for the Gamma family models, 1 ha
was added to all fire area growth values under the assumption that the fire was active, and
something was burning on those days that was too small to measure.
The relative merits of these models were assessed by examining measures of fit, including the
Akaike information criterion (AIC) the deviance explained (Table 9.1). Unsurprisingly, the
linear regression had the lowest performance. The deviance explained for the Tweedie family
models were consistently 10% or more than the Gamma family models. This coupled with
the additional data transformation step of Gamma meant that the Tweedie family is preferred.
As noted in Chapter 5, the samples have repeated draws from the same fire and event specific
variation is expected (e.g., regional variation in fire management), so a random effect was
introduced using the EventID variable (the unique identifier for each fire), which results in an
EventID-specific offset in the regression. The addition of the random effect resulted in a
decrease of 77 AIC units and an increase of 12% in the deviance explained (from 58.1% to
70.1%), as well as a visual improvement in the residual vs linear predictor plot scatter plot
(Figure 9.3).
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Table 9.1 Measures of fit for alternate models tested during Chapter 5 analyses.
Model

Gaussian/identity
Dev. Exp. (%)

Tweedie/log

Gamma/log

AIC

Dev. Exp. (%)

AIC

Dev. Exp. (%)

GLM

4340

50

4592

40.4

GAM

4290

58.1

4539

48.6

GAM w/ re:EventID (all variables)*

4213

70.1

4468

59.2

GAM w/ re:EventID (drop
insignificant: DaysStartSize &
years_since last_fire)

4229

67.1

GAM w/ re:EventID (interaction
variable: BurningOps with
years_since_last_fire)**

4190

72.9

GAM w/ re:EventID (interaction
variable: BurningOps with FPC)**

4190

72.5

Linear Regression

39.5

AIC=Akaike information criterion; Dev.Exp.=deviance explained
* The base model
** The selected models

Prior to adding the interaction term, the summary output of the base model Tweedie GAM
with was examined (Figure 9.1). The DaysStartSize and years_since_last_fire variables are
non-significant. Convention suggests that these variables may be dropped from the model.
However, the non-significant variables were not dropped as there is no theoretical reason to
do so and there was a decline in model performance without them (a drop of 3% in the
deviance explained and increase 16 AIC units). Ultimately, two Suppression/fuel interaction
models were selected as they had similar AIC and deviance explained values (Table 9.1).
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Family: Tweedie(p=1.629)
Link function: log
Formula:
FireArea.growth ~ s(EventID, bs = "re") + s(DaysStartSize) +
s(FFDI) + s(FPC) + s(years_since_last_fire) +
s(terrain_roughness) + MergeFire + BurningOps
Parametric coefficients:
Estimate Std. Error t value Pr(>|t|)
(Intercept)
4.7002
0.2820 16.670 < 2e-16 ***
MergeFireTRUE
2.3943
0.2915
8.213 5.99e-15 ***
BurningOpsTRUE
1.4333
0.1789
8.014 2.31e-14 ***
--Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1
Approximate significance of smooth terms:
edf Ref.df
F p-value
s(EventID)
19.616 26.000 4.013 < 2e-16 ***
s(DaysStartSize)
2.783 3.429 2.246
0.0703 .
s(FFDI)
3.217 3.981 30.222 < 2e-16 ***
s(FPC)
3.160 3.934 4.712
0.0012 **
s(years_since_last_fire) 2.169 2.675 1.447
0.2564
s(terrain_roughness)
3.570 4.441 7.752 4.15e-06 ***
--Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1
R-sq.(adj) = 0.597
Deviance explained = 70.1%
-REML = 2125.3 Scale est. = 14.899
n = 346
Method: REML
Optimizer: outer newton
full convergence after 7 iterations.
Gradient range [-0.0002595139,0.001665608]
(score 2125.317 & scale 14.89877).
Hessian positive definite, eigenvalue range [0.1371156,518.5081].
Model rank = 75 / 75
Basis dimension (k) checking results. Low p-value (k-index<1) may
indicate that k is too low, especially if edf is close to k'.
k'
edf k-index p-value
s(EventID)
27.00 19.62
NA
NA
s(DaysStartSize)
9.00 2.78
0.68 <2e-16
s(FFDI)
9.00 3.22
0.83
0.270
s(FPC)
9.00 3.16
0.76
0.025
s(years_since_last_fire) 9.00 2.17
0.74
0.010
s(terrain_roughness)
9.00 3.57
0.78
0.040
--Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.'

***
*
**
*
0.1 ' ' 1

Figure 9.1 Summary information for the base model, a Tweedie family log-link GAM with
EventID as a random effect term. Two variables, DaysStartSize and years_since_last_fire,
were non-significant. Produced using gam.summary() in R.
9.1.1 Residual Comparison
The residuals from the different Tweedie models were compared (Figure 9.2). The GLM plot
shows a somewhat linear pattern from top left to bottom right. The GAM does not show this
pattern and has a better deviance explained (58% for GAM vs 50% for GLM) justifying the
use of the more complicated non-linear smooth terms with the GAM.
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a) Linear (Gaussian, identity link)

b) GLM (Tweedie, log-link)

c) GAM (Tweedie, log-link)

d) GAM (Tweedie, log-link, random effect)

Figure 9.2 Residuals vs linear predictor plots. a) The linear regression is presented as a
baseline comparison. b) There is a linear pattern visible from the top left to towards the
bottom right. c) The linear pattern is no longer visible with the GAM. d) The scatter is
improved with the addition of the random effect EventID.
Residuals, as usually defined, are of limited practical use for model assessments when using
the Tweedie family (Dunn and Smyth 1996) as they produce line artifacts (Figure 9.3).
Randomised quantile residuals from the R dsm package (Miller et al. 2021) were used for the
Tweedie model residuals vs linear predictor plots.
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Figure 9.3 Residuals vs linear predictor plots for the tweedie family log-link gam using
EventID as a random effect. a) Deviance residuals produced using mgcv::gam.check() have a
line artifact in the bottom-left. b) Randomised quantile residuals produced using
dsm::rqgam.check().
9.1.2 Linear Model
The variables were summarized in a pairs panel plot (Figure 9.4) that revealed poor
correlation and little indication of linear patterns. However, to provide a baseline comparison
model a linear regression was performed (in R using mgcv::gam by specifying a Gaussian
family with identity link function and no smooth terms). This model was rejected due to
limited evidence of linearity in the scatter plots (Figure 9.4), comparatively low deviance
explained of 39.5% (Figure 9.6), heteroskedasticity with highly clustered residuals (Figure
9.6) and violation of the assumption of independence, due to repeated sampling from the
same fire.
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Figure 9.4 Pairs panel plot. Below the diagonal are bivariate scatter plots, the diagonal
contains histograms, above the diagonal is the pearson correlation coefficient.
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Family: gaussian
Link function: identity
Formula:
FireArea.growth ~ DaysStartSize + FFDI + FPC + years_since_last_fire +
terrain_roughness + MergeFire + BurningOps
Parametric coefficients:
Estimate Std. Error t value Pr(>|t|)
(Intercept)
-1.228e+03 1.030e+03 -1.192 0.23414
DaysStartSize
8.315e-03 5.679e-03
1.464 0.14405
FFDI
6.875e+01 1.680e+01
4.092 5.35e-05 ***
FPC
-1.496e+03 1.401e+03 -1.068 0.28621
years_since_last_fire 1.345e+01 1.143e+01
1.176 0.24031
terrain_roughness
8.224e+00 3.048e+00
2.698 0.00732 **
MergeFireTRUE
1.352e+04 1.177e+03 11.489 < 2e-16 ***
BurningOpsTRUE
7.118e+02 4.101e+02
1.736 0.08354 .
--Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1
R-sq.(adj) = 0.383
Deviance explained = 39.5%
-REML = 3289.5 Scale est. = 1.3195e+07 n = 346
Method: REML
Optimizer: outer newton
full convergence after 5 iterations.
Gradient range [-0.0002172719,-0.0002172719]
(score 3289.511 & scale 13195053).
Hessian positive definite, eigenvalue range [169.0002,169.0002].
Model rank = 8 / 8

Figure 9.5 Summary for the gaussian linear regression, note the deviance explained (39.5%).

Figure 9.6 Residual plots for the gaussian linear regression (generated in R using
mgcv::gam.check) clearly show poor performance in all four plots.
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9.1.3 Suppression/FPC Model Smooths
9.1.3.1 Smooths on linear predictor scale

Figure 9.7 Individual smooth plots for the Suppression/FPC model on the linear predictor
scale. Partial residuals appear as grey dots. The fitted line is in blue, and the grey shading is
the 95% confidence interval. The y-axis represents the log of the area burnt.
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10 Appendix 3: Generalized Additive Model (GAM) Concepts
(Wood 2017) provides thorough explanation of the theory and practice of GAMs using the R
package mgcv. The author found Clark (2019) to be a gentler introduction. This Appendix is
a selection of topics the author found useful in understanding the fundamentals of GAMs and
regression in general.

10.1 Basics of Linear Regression (LR), Generalized Linear Models (GLM),
and Generalized Additive Models (GAM)
A linear regression model predicts the response (𝑦) as a weighted sum of the predictor (𝑥)
inputs:

𝑦 = 𝛽0 + 𝛽1 𝑥1 + ⋯ + 𝛽𝑝 𝑥𝑝 + 𝜖
It assumes (Ching-Ti et al. 2021):
1. Linearity – relationship between predictors (𝑥) and the mean of the response (𝑦)
is linear. linear combination of predictors
2. Normality – for any fixed value of predictors the response is normally
distributed
3. Homoscedasticity – variance of the errors is constant across the whole predictor
space.
4. Independence – observations are independent of each other

A Generalized Linear Model (GLM) incorporates other types of distributions along with a
link function 𝑔(. ) (Clark 2019):

𝐸(𝑦) = 𝜇 = 𝑔−1 (𝛽0 + 𝛽1 𝑥1 + ⋯ + 𝛽𝑝 𝑥𝑝 )
or

𝑔(𝜇) = 𝛽0 + 𝛽1 𝑥1 + ⋯ + 𝛽𝑝 𝑥𝑝
Arthur Charpentier (Charpentier 2013) Markus Gessman (Gesmann 2015) provide excellent
visualisations for understanding family distribution and link function concepts. Some of their
visualizations are reproduced in Figure 10.1 to Figure 10.5.
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Figure 10.1 Visualization of GLM with identity link and Gaussian family (i.e., a typical linear
regression). Expected value (black line) is linear. At any value of predictor 𝑥 the residuals are
normally distributed with constant variance (yellow band and blue density distributions are
constant width, i.e., homoscedasticity). Yellow is the theoretical residual interval between the
5th and 95th quantile (Charpentier 2013).
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Figure 10.2 Visualization of GLM with Poisson family and log link. Expected value of
response (black line) is exponential (inverse of the log link) in 𝑥 (non-linear). For Poisson
distribution the variance increases with the mean (i.e. as 𝑥 increases the mean increases, the
yellow interval spreads and the density distributions flatten; heteroscedasticity) (Charpentier
2013).

Figure 10.3 Visualization of GLM with Gaussian family and log link. Expected value of
response is exponential. At any value of predictor 𝑥 the residuals are normally distributed
with constant variance (homoscedasticity) (Charpentier 2013).

Figure 10.4 Visualization of GLM with Poisson family and identiy link. Expected value of
response is linear in 𝑥.At any value of predictor 𝑥 the residuals are normally distributed but
for Poisson distribution the variance increases with the mean (Charpentier 2013).
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Figure 10.5 Visualization of GLM where response Y has been transformed using log and then
an identity link with Gaussian family has been used on the log transformed response.
Variance depends on the mean and variance of the untransformed response by 𝑎𝑟(𝑦) =
𝑒𝑥𝑝(2𝜇 + 𝜎 2 ) (𝑒𝑥𝑝(𝜎 2 ) − 1). Hence arbitrarily log transforming the response automatically
introduces heteroscedasticity into the model assumptions (Gesmann 2015).

Figure 10.6 Visualization of GLM with Tweedie family and log link. When mean is close to
zero there is a point mass at zero.
Generalized Additive Models (GAMS) introduce non linear forms of the predictors
𝑔(𝜇) = 𝛽0 + 𝑓(𝑥1 ) + 𝑓(𝑥2 ) + ⋯ + 𝑓(𝑥𝑝 )
𝑓 are smooth functions of each predictor with no requirement for linearity. While the
functions could be anything they are generally composed of splines. The predictor space is
divide by “knots” into regions in each region a spline is fitted that has continuity with the
adjacent regions. Splines could be fitted though every data point (a very wavy line) but the
generality of the model is reduced. Instead during the regression, a penalty for waviness is
introduced such that the data is not overfitted and the complexity of the spline is no more that
it needs to be. Figure 10.7 shows an example of non-linear smooth function. Interaction
effects can also be investigated in GAMS by looking at smooth functions of more than one
variable (Figure 10.8).
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Figure 10.7 Example of non-linear smooth function of one predictor (Clark 2019)

Figure 10.8 Example of non-linear smooth of two predictors (Jan 2017)

10.2 Tweedie Distribution
Tweedie distribution is useful in modelling a mixture of zero and non-negative data (Glen
2016). The Tweedie family probability density function cannot be expressed in a simple
closed form. Tweedie is a special case of an exponential distribution with mean 𝐸(𝑦) = 𝜇
and variance 𝑉𝑎𝑟(𝑦) = 𝜇 𝑝 where 𝑝 is a fitting parameter. Some familiar distributions are
special cases of Tweedie:
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•

𝑝 = 0 , Normal distribution

•

𝑝 = 1, Poission distribution

•

1 < 𝑝 < 2, Mix of Poission/gamma distributions

•

𝑝 = 2, gamma distribution

•

2 < 𝑝 < 3, positive stable distribution

•

𝑝 = 3, Inverse Gaussian distribution/Wald distribution

•

𝑝 > 3, Positive stable distribution

Figure 10.9 (plotted with R package ‘tweedie’ (Dunn 2021)) shows some tweedie
distributions with mean of one with 𝑝 values between 1 and 2. The spike at zero is higher
when the mean is closer to one.
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a)

b)

Figure 10.9 Example tweedie a) probability distributions and b) cumulative probability
distributions (mean=0.5, dispersion=1)
In mcgv package, when using “family=Tweedie” the 𝑝 must be specified whereas if using
“family=tw” the 𝑝 is fitted as part of the regression.
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10.3 Dealing with Zeros When Using Log in Fitting
For this dataset the dependent/response variable daily fire growth cannot be negative; burnt
ground cannot be unburnt. But data values can be zero where no fire growth could be
identified. Zeros in regression analysis can be problematic when transforming the response
variable with a log or log-like functions that is undefined at zero. Bellégo and Pape (2019)
report common ways of dealing with zeros, 31% of studies reviewed discarded the zeros. Of
those studies that kept the zeros 48% added on a constant to the dependent (y) variable, the
remainder used more complicated transformations that allow for zeros such as Poisson-type
(35%) or inverse hyperbolic sine (15%). Bellégo and Pape (2019) also implore the reader to
ask “why are there zeros”. For fire growth unless the fire is extinguished, burning is
happening somewhere. Perhaps heavy fuels are smoldering where the fire has already
progressed through lighter fuels; unless extinguished it is safe to assume that burning is
happening, but there is not enough to measure with the tools available. As such it is
reasonable to add a small positive value to the fire growth response variable. Adding a small
value skews the data on a log scale (e.g. if data points are is around 100 and we add 0.01 then
on a log10 scale these data points are 4 units apart (2 vs -2). Additionally, by taking the log of
the response and performing a linear regression the variance of a log transformed response
depends on the mean and variance of the untransformed response by Var(y) = 𝑒𝑥𝑝(2μ +
σ2 ) (𝑒𝑥𝑝(σ2 ) − 1). Hence arbitrarily log transforming the response automatically introduces
heteroscedasticity into the model assumptions. This may be reasonable in many cases, but the
researcher should be aware when it is not.

145

